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Abstract: Messenger ribonucleic acid (mRNA)-based drugs, notably mRNA vaccines, have been
widely proven as a promising treatment strategy in immune therapeutics. The extraordinary
advantages associated with mRNA vaccines, including their high efficacy, a relatively low severity of
side effects, and low attainment costs, have enabled them to become prevalent in pre-clinical and
clinical trials against various infectious diseases and cancers. Recent technological advancements
have alleviated some issues that hinder mRNA vaccine development, such as low efficiency that
exist in both gene translation and in vivo deliveries. mRNA immunogenicity can also be greatly
adjusted as a result of upgraded technologies. In this review, we have summarized details regarding
the optimization of mRNA vaccines, and the underlying biological mechanisms of this form of
vaccines. Applications of mRNA vaccines in some infectious diseases and cancers are introduced.
It also includes our prospections for mRNA vaccine applications in diseases caused by bacterial
pathogens, such as tuberculosis. At the same time, some suggestions for future mRNA vaccine
development about storage methods, safety concerns, and personalized vaccine synthesis can be
found in the context.

Keywords: mRNA; mRNA vaccine; in vitro transcription; self-adjuvanting property; delivery carriers;
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1. Introduction

mRNA, an intermediate hereditary substance in the central dogma, was first discovered in
1961 by Brenner et al. [1]. However, the concept of mRNA-based drugs was not conceived
until 1989, when Malone et al. demonstrated that mRNA could be successfully transfected and
expressed in various of eukaryotic cells under the package of a cationic lipid (N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride (DOTMA)) [2]. In 1990, in vitro-transcribed mRNA was
sufficiently expressed in mouse skeletal muscle cells through direct injection, which became the first
successful attempt on mRNA in vivo expression and thus proved the feasibility of mRNA vaccine
development [3]. Since then, mRNA structure researches and other related technologies have been
rapidly developed. Under this condition, several development restrictions stemmed from mRNA
instability, high innate immunogenicity, and inefficient in vivo delivery have been mitigated, and now
mRNA vaccines have been widely studied in different kinds of diseases (Figure 1) [1–19].
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Figure 1. Timeline of some key discoveries and advances in the development of mRNA-based drug 
technology. Green boxes represent discoveries and advances in mRNA mechanisms; blue boxes 
represent discoveries and advances in mRNA-based drug applications. Abbreviations: mRNA, 
messenger RNA; 5′ cap, five-prime cap; LNP, lipid nanoparticles; COVID-19, coronavirus disease 
2019; DCs, dendritic cells. 

mRNA vaccines have demonstrated many specific advantages that conventional vaccines do 
not have. First of all, mRNA can theoretically meet all genetic information requirements to encode 
and express all kinds of proteins. Vaccine developing efficiency can be optimized by modifying 
mRNA sequence, which is a more convenient way compared to other kinds of vaccine modification 
[20,21]. Furthermore, most of the mRNA vaccine production and purification processes are quite 
similar despite different encoded antigens, so it is potential to be retained or even standardized to 
develop other similar mRNA vaccines [20,22]. Utilizing in vitro transcription also makes mRNA 
vaccines production easier [20–22]. Accordingly, it is obvious that mRNA vaccines can save both 
time and economic costs. Second of all, mRNA has self-adjuvanting properties which activate strong 
and long-lasting adaptive immune responses through tumor necrosis factor-α (TNF-α), interferon-α 
(IFN-α) and other cytokines secretion by immune cells [23], while polypeptide and protein based 
vaccines need extra adjuvants to achieve a similar goal [24]. The in vivo expression of mRNA can 
also avoid protein and virus-derived contamination [20]. By modifying the mRNA sequence and 
delivery system, the expression activity and in vivo half-life of mRNA can be effectively regulated 
[19,21,24]. Thirdly, in comparison with DNA-based vaccines, mRNA vaccines can express target 
proteins more efficiently because of their expression in the cytoplasm without entering the nucleus 
[25]. In addition, due to the chemical constitution of the mRNA sequence, which is different from 
DNA constitution and lack of CpG islands, there is a lower possibility for mRNA to integrate into 
host DNA genome and induce a smaller immune rejection reaction [25]. Besides, mRNA is only 
transiently active, making it easy to be completely decomposed via physiological metabolic 
pathways; therefore, it would not act as a burden to the host homeostasis [25]. 

After the first mRNA-based drug company was established in 1997, a large number of groups 
began to research and develop mRNA-based drugs [25]. So far, over twenty mRNA-based candidate 
drugs have entered the clinical trial stage. The market value for the mRNA vaccine field has also 
increased, reaching up to tens of billions of dollars, which signifies a broad prospect for 
mRNA-based drugs development, especially mRNA vaccines. In particular, mRNA vaccines have a 
huge potential on rapidly responding to emerging epidemics, e.g., the global explosion of the 

Figure 1. Timeline of some key discoveries and advances in the development of mRNA-based drug
technology. Green boxes represent discoveries and advances in mRNA mechanisms; blue boxes
represent discoveries and advances in mRNA-based drug applications. Abbreviations: mRNA,
messenger RNA; 5′ cap, five-prime cap; LNP, lipid nanoparticles; COVID-19, coronavirus disease 2019;
DCs, dendritic cells.

mRNA vaccines have demonstrated many specific advantages that conventional vaccines do not
have. First of all, mRNA can theoretically meet all genetic information requirements to encode and
express all kinds of proteins. Vaccine developing efficiency can be optimized by modifying mRNA
sequence, which is a more convenient way compared to other kinds of vaccine modification [20,21].
Furthermore, most of the mRNA vaccine production and purification processes are quite similar
despite different encoded antigens, so it is potential to be retained or even standardized to develop
other similar mRNA vaccines [20,22]. Utilizing in vitro transcription also makes mRNA vaccines
production easier [20–22]. Accordingly, it is obvious that mRNA vaccines can save both time and
economic costs. Second of all, mRNA has self-adjuvanting properties which activate strong and
long-lasting adaptive immune responses through tumor necrosis factor-α (TNF-α), interferon-α (IFN-α)
and other cytokines secretion by immune cells [23], while polypeptide and protein based vaccines
need extra adjuvants to achieve a similar goal [24]. The in vivo expression of mRNA can also avoid
protein and virus-derived contamination [20]. By modifying the mRNA sequence and delivery system,
the expression activity and in vivo half-life of mRNA can be effectively regulated [19,21,24]. Thirdly,
in comparison with DNA-based vaccines, mRNA vaccines can express target proteins more efficiently
because of their expression in the cytoplasm without entering the nucleus [25]. In addition, due to the
chemical constitution of the mRNA sequence, which is different from DNA constitution and lack of
CpG islands, there is a lower possibility for mRNA to integrate into host DNA genome and induce a
smaller immune rejection reaction [25]. Besides, mRNA is only transiently active, making it easy to be
completely decomposed via physiological metabolic pathways; therefore, it would not act as a burden
to the host homeostasis [25].

After the first mRNA-based drug company was established in 1997, a large number of groups
began to research and develop mRNA-based drugs [25]. So far, over twenty mRNA-based candidate
drugs have entered the clinical trial stage. The market value for the mRNA vaccine field has also
increased, reaching up to tens of billions of dollars, which signifies a broad prospect for mRNA-based
drugs development, especially mRNA vaccines. In particular, mRNA vaccines have a huge potential
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on rapidly responding to emerging epidemics, e.g., the global explosion of the coronavirus disease 2019
(COVID-19), stimulating more interest and research expectations from worldwide scientists [26,27].

2. mRNA In Vitro Synthesis and Modification

To date, in vitro transcription technology of mRNA has been mature, and the most popular
method is using T3, T7, or SP6 RNA polymerase and linear DNA (linearized plasmid DNA or synthetic
DNA prepared by PCR) for mRNA synthesis. There are some basic structural elements of mature
mRNA in the eukaryocyte that are required to keep mRNA functional, including five-prime cap
(5′ cap), five-prime untranslated region (5′ UTR), open reading frame (ORF) region, three-prime
untranslated region (3′ UTR), and poly (A) tail structure [21,28]. Keeping mRNA structure intact is
beneficial for mRNA stability and expression capability. Modifying the mRNA sequence based on
its complete structure can further optimize the efficiency of an mRNA vaccine. However, the initial
product of mRNA in vitro transcription is the mixture of targeted mRNA, untargeted RNA, nucleotides,
oligodeoxynucleotides, and proteins [20]. To purify the mRNA, precipitation and extraction techniques
are used to remove common impurities and chromatographic techniques are generally used to separate
the target mRNA from other mRNA impurities in this system [29].

2.1. Five-Prime Cap (5′ cap) and Modification

mRNAs from the eukaryotic and partial viral genomes have a 7-methylguanosine (m7G) cap at the
5′ end of the mRNA sequence (m7GpppN structure), which connect to the first RNA nucleotide through
a 5′, 5′-triphosphate bridge (ppp) during mRNA in vitro transcription. The 5′ cap can eliminate
free phosphate groups in the mRNA sequence so as to significantly enhance the stability of mRNA,
which allows the ribosome to recognize the beginning of mRNA and improves translation efficiency
by binding to the eukaryotic translation initiation factor 4E (eIF4E) [25,30]. So it is obvious that 5′ cap
modification can be crucial to mRNA property improvement. There are two common approaches
in terms of in vitro mRNA capping. Firstly, adding a regular cap analog, m7GpppG structure, to
the mRNA transcription system can achieve mRNA capping along with in vitro transcription [20,25].
Secondly, mRNA capping can also be completed by capping enzyme reaction after the initial in vitro
transcription [25,31].

Capping with cap analog is the most common capping method of mRNA in vitro transcription,
but studies have found that regular cap analog can reversely bind to the mRNA sequence [32]. In this
case, mRNA isomers are formed and lead to low efficiency of mRNA downstream translation. To avoid
reverse incorporation of 5′ cap, anti-reverse cap analogs (ARCA) have been developed [32,33]. ARCA is
modified at the C2 or C3 position to ensure that the methyl groups react with the hydroxyl groups at the
correct site during transcription. Compared to regular cap analog, ARCA-capped mRNA has a higher
translation efficiency [32–34]. In recent years, further modification on the ARCA structure has been
developed to improve mRNA properties. Phosphorothioate modifying based on ARCA, for example,
would enhance the translation efficiency of mRNA by increasing its affinity for eIF4E, and has the
ability to decrease the susceptibility to decapping enzymes so as to improve the mRNA stability [35–37].
Kuhn et al. showed that m2

7,2′-OGppSpG (β-S-ARCA) could significantly enhance the stability and
translation efficiency of mRNA in immature dendritic cells (DCs) [35]. In 2016, Strenkowska et al.
synthesized cap analogs that were composed with 1,2-dithiodiphosphate modification, ARCA, and an
extended polyphosphate chain, named “2S analogs”, the benefits of which enabled 2S analogs to
function better than any S-ARCA used in clinical trials [38]. Another cap analog, a co-transcriptional
capping method called “CleanCap,” was developed in 2018 [39]. It utilized an initiating capped
trimer to yield a naturally occurring 5′ cap structure, which increased the capping efficiency to nearly
90–99% [22,39].
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2.2. Optimization of Untranslated Regions (UTRs)

UTRs are non-coding parts of mRNA sequence located at the upstream (5′ UTR) and downstream
(3′ UTR) domains of the mRNA coding region. As reported, UTRs are related to mRNA replication
and translation processes, and they can greatly alter mRNA decay and translation efficiency through
reactions with RNA binding proteins [20,22]. In an attempt to enhance mRNA stability and translation
efficiency, it is essential to ensure the optimization of UTRs.

Generally speaking, UTR optimization is to increase the in vivo mRNA expression level.
For instance, the widely-used 3′ UTR sequence derived from α-globin and β-globin contains translation
and stability regulatory elements [30]. 3′ UTR is normally considered to be a concentrated region
full of unstable factors in mRNA, so averting unstable sequences while synthesizing 3′ UTR can
increase mRNA stability. AU-enriched sequences and GU-enriched sequences are related examples of
this [40,41]. On the other hand, introducing stable elements to 3′ UTR can also significantly improve
the stability of mRNA and expand its half-life [42,43]. Orlandini von Niessen et al. once connected two
random 3′ UTRs which contained stable elements in series, and successfully improved the translation
efficiency of mRNA [43].

5′ UTR directly affects the translation of its downstream sequence ORF, so the optimization of 5′

UTR should not influence the normal translation process of the ORF. Avoiding the gene sequence in 5′

UTR, which is identical to the upstream of ORF, can effectively prevent false start and replacement
of the reading frame during mRNA translation [44]. Additionally, some particular sequences can
be added to 5′ UTR to enhance the stability of mRNA and the accuracy of translation. For example,
Kozak et al. inserted sequence GCC-(A/G)-CCAUGG in this region, leading to a more accurate start of
translation process [45]. Study also shows that over-stabilized secondary structure of 5′ UTR would
hinder the binding of ribosomes to mRNA, and short and loose 5′ UTR is more conducive to the mRNA
translation processes [46].

2.3. Codon Optimization of Open Reading Frame (ORF)

As the coding region of mRNA, the translatable rate of ORF region is definitely crucial. Therefore,
choosing the appropriate codons in this region can optimize the overall translation efficiency of mRNA.
Optimized ORF sequence usually incorporates synonymous frequent codons and/or codons with
higher tRNA abundance to replace rare codons in ORF, so that highly expressed genes can be translated
using the same codons of the host and/or guaranteed the ampleness of tRNA during the expression of
exogenous mRNA [47]. However, high translation rate of mRNA is not all beneficial, as some proteins
require a low translation rate to fold correctly, stably, and effectively; in this case, using codons with low
frequency in ORF can yield protein products of higher quality [22]. Therefore, for different antigens,
we should use different codon optimization strategies to improve mRNA translation rate and ensure
the expressed antigen quality at the same time.

2.4. Poly (A) Tail and mRNA Stability

Poly (A) tail and the 5′ Cap structures are both crucial elements during mRNA translation. Poly (A)
sequence can slow down the degradation process of RNA exonuclease, which increases stability,
extends in vivo half-life, and enhances translation efficiency of mRNA [22]. Moreover, Poly (A) binding
protein (PABP) can link to the 5′ Cap through translational initiation factors, such as eIF4G and eIF4E,
which in turn affects the closed-loop structure of mRNA and synergistically regulates the stability and
translation efficiency of mRNA [22,48,49]. However, PABP can also bind to adenylation complexes
and participate in translation inhibition process mediated by microRNA [49]. The contradictory
function of PABP indicates that various Poly (A) sequence length can affect mRNA translation efficiency
differently. There are different methods to synthesize a Poly (A) structure, among them, in vitro
transcription process with DNA template with Poly (A) structure information can yield a defined
Poly (A) sequence length [25]. Recombinant Poly (A) polymerase can also be used to add Poly (A)
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structures by undergoing an enzymatic polyadenylation after initial mRNA transcription, in which
case Poly (A) structural mixtures of different lengths can be obtained [25]. Early studies suggest
that a long Poly (A) sequence can improve mRNA stability. For example, the optimal length of Poly
(A) sequence in DCs is roughly between 120–150 nucleotides [25,50], and over 300 nucleotides of
Poly (A) sequence length in human primary T cells can become more conducive in increasing mRNA
stability and translation efficiency [51]. When Poly (A) sequence length is less than 20 nucleotides,
it would reduce mRNA translation efficiency [52]. However, in 2017, Lima et al. found that mRNAs
with high translation efficiency generally had short Poly (A) sequences through novel genome-wide
research techniques, whilst short Poly (A) structures were generally found in well-translated eukaryotic
mRNAs [49]. Therefore, it has been indicated that since the lengths of Poly (A) sequences required for
high translation efficiency mRNA in various types of cells are different, adjustments should be made to
optimize the translation efficiency of mRNA.

3. Immunogenic Regulation of mRNA

Based on its self-adjuvanting effect, mRNA can exhibit some properties similar to the mRNA
virus when it works as the vector of exogenous genes. In this case, mRNA can be recognized by
antigen-presenting cells (APCs), which subsequently activates pattern recognition receptors (PRRs)
such as Toll-like receptor 3 (TLR3), TLR7, and TLR8 [30,53,54]. The double-stranded RNA (dsRNA)
can combine with some Retinoic-acid-inducible gene I (RIG-I) -like receptors (RLRs) in the cytoplasm,
such as RIG-I and melanoma differentiation-associated 5 (MDA5), which promotes APCs maturation,
pro-inflammatory cytokines secretion, and type I interferon (IFN) secretion [55,56]. Eventually this
leads to strong antigen-specific humoral and cellular immune responses (Figure 2). However, subunit
vaccines composed of peptide or protein antigens are generally unable to activate PRRs, so it is
necessary to add adjuvants which can initiate and support adaptive immune responses, achieving the
final result of carrying out the body’s immune response of subunit vaccines [25]. Therefore, mRNA’s
strong adaptive immune response and self-adjuvanting property can provide a huge advantage
shown in mRNA vaccines. Single-stranded RNA (ssRNA) can trigger the DCs’ antiviral activation
state through TLR7 and TLR8 recognition during mRNA in vivo transmission [57]. The dsRNA
contaminants can also trigger immune activation via TLR3 recognition [19,20]. However, excessive
immune response stimulated by mRNA in the cytoplasm would stimulate cells to secrete large amounts
of type I IFN and other interferons which can inhibit the translation of mRNA and eventually lead
to translational stagnation, RNA degradation, CD8 (cluster of differentiation 8)+ T cells activation
reduction, and ultimately immune response termination [13,21,58]. This could leave negative effects
on some mRNA applications such as vaccines and protein replacement therapies. Self-adjuvanting
properties of mRNA have both advantages and disadvantages in mRNA vaccine applications, therefore,
it is necessary to form mRNA immunogenic regulations according to different medical demands,
which in return would effectively improve the application efficacy of mRNA vaccines.
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Figure 2. mRNA in vitro transcription and innate immunity activation. (A) mRNA in vitro 
transcription. Using DNA with the antigen-encoding sequence as template, mRNA in vitro 
transcription products contain single-stranded RNA (ssRNA), double-stranded RNA (dsRNA), etc. 
The ssRNA structure normally includes five-prime cap (5′ cap), five-prime untranslated region (5′ 
UTR), open reading frame (ORF) region, three-prime untranslated region (3′ UTR), and poly (A) tail 
structure. (B) RNA translation and antigen presentation. Through endocytosis, mRNAs enter the 
cytoplasm. Some mRNAs combine with ribosomes of the host cell and translate successfully. Antigen 
proteins can be degraded to antigenic peptides by proteasome in the cytoplasm and presented to 
cytotoxic T lymphocytes (CTLs) via major histocompatibility complex (MHC) I pathway. Or, they 
can be released out of the host cell and taken up by DCs. Then, they are degraded and presented to 
helper T cells and B cells via MHC-II pathway. B cells can also recognize released antigen proteins. 
(C) Self-adjuvant effect. Various of pattern recognition receptors (PRRs) can recognize mRNA in 
vitro transcription product. ssRNA can be recognized by endosomal innate immune receptors (e.g., 
Toll-like receptor 7 (TLR7), TLR8). dsRNA can be recognized by endosomal innate immune receptors 
(e.g., TLR3) and cytoplasmic innate immune receptors (e.g., protein kinase RNA-activated (PKR), 
retinoic acid-indu [21]cible gene I protein (RIG-I), melanoma differentiation-associated protein 5 
(MDA5), and 2′-5′-oligoadenylate synthase (OAS). Based on those, mRNA products can stimulate the 
secretion of pro-inflammatory cytokines and type I interferon (IFN), which leads to 
antigen-presenting cells (APCs) activation and inflammatory reaction. However, they can also 
activate antiviral enzymes that cause stalled mRNA translation and mRNA degradation. 

3.1. mRNA Purification Modulates Self-Adjuvanting Property 

mRNA in vitro transcription product often contains dsRNA contaminants. dsRNA, which is a 
simulant of RNA virus genome replication intermediates, can promote type I IFN production 
[20,55]. Therefore, the purification of an mRNA in vitro synthetic product can effectively reduce type 
I IFN immune response of mRNA vaccines and increase mRNA translation efficiency [21]. Studies 
have shown that chromatographic methods (fast protein liquid chromatography, high-performance 
liquid chromatography, etc.) can effectively remove dsRNA from mRNA products; after 
purification, the mRNA translation level in primary cells can be increased by 10–1000 times while 
the cytokine secretion level still remains relatively high [29,59]. 

3.2. Optimization of mRNA Sequence to Regulate Self-Adjuvanting Property 

ssRNA can also work as a potent pathogen-associated molecular pattern (PAMP) that elicits a 
strong immune response and stimulates type I IFN production. Type I IFN can induce numerous 
types of IFN-stimulated genes (ISGs) to inhibit mRNA translation [22]. For instance, IFN-inducible 

Figure 2. mRNA in vitro transcription and innate immunity activation. (A) mRNA in vitro transcription.
Using DNA with the antigen-encoding sequence as template, mRNA in vitro transcription products
contain single-stranded RNA (ssRNA), double-stranded RNA (dsRNA), etc. The ssRNA structure
normally includes five-prime cap (5′ cap), five-prime untranslated region (5′ UTR), open reading
frame (ORF) region, three-prime untranslated region (3′ UTR), and poly (A) tail structure. (B) RNA
translation and antigen presentation. Through endocytosis, mRNAs enter the cytoplasm. Some mRNAs
combine with ribosomes of the host cell and translate successfully. Antigen proteins can be degraded
to antigenic peptides by proteasome in the cytoplasm and presented to cytotoxic T lymphocytes (CTLs)
via major histocompatibility complex (MHC) I pathway. Or, they can be released out of the host
cell and taken up by DCs. Then, they are degraded and presented to helper T cells and B cells via
MHC-II pathway. B cells can also recognize released antigen proteins. (C) Self-adjuvant effect. Various
of pattern recognition receptors (PRRs) can recognize mRNA in vitro transcription product. ssRNA
can be recognized by endosomal innate immune receptors (e.g., Toll-like receptor 7 (TLR7), TLR8).
dsRNA can be recognized by endosomal innate immune receptors (e.g., TLR3) and cytoplasmic innate
immune receptors (e.g., protein kinase RNA-activated (PKR), retinoic acid-indu [21] cible gene I protein
(RIG-I), melanoma differentiation-associated protein 5 (MDA5), and 2′-5′-oligoadenylate synthase
(OAS). Based on those, mRNA products can stimulate the secretion of pro-inflammatory cytokines and
type I interferon (IFN), which leads to antigen-presenting cells (APCs) activation and inflammatory
reaction. However, they can also activate antiviral enzymes that cause stalled mRNA translation and
mRNA degradation.

3.1. mRNA Purification Modulates Self-Adjuvanting Property

mRNA in vitro transcription product often contains dsRNA contaminants. dsRNA, which is a
simulant of RNA virus genome replication intermediates, can promote type I IFN production [20,55].
Therefore, the purification of an mRNA in vitro synthetic product can effectively reduce type I IFN
immune response of mRNA vaccines and increase mRNA translation efficiency [21]. Studies have
shown that chromatographic methods (fast protein liquid chromatography, high-performance liquid
chromatography, etc.) can effectively remove dsRNA from mRNA products; after purification, the
mRNA translation level in primary cells can be increased by 10–1000 times while the cytokine secretion
level still remains relatively high [29,59].

3.2. Optimization of mRNA Sequence to Regulate Self-Adjuvanting Property

ssRNA can also work as a potent pathogen-associated molecular pattern (PAMP) that elicits a
strong immune response and stimulates type I IFN production. Type I IFN can induce numerous types
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of IFN-stimulated genes (ISGs) to inhibit mRNA translation [22]. For instance, IFN-inducible protein
with tetratricoid repeats (IFIT) can combine with the 5′ Cap structure or interact with eIF3 to disrupt
the mRNA translation process [22,60]. Therefore, optimizing mRNA sequence can regulate the ability
to activate the immune response of mRNA vaccines [21,58,61].

PRRs can recognize Cap0 (m7GpppN)-capped or uncapped mRNA and inhibit its translation [62].
In 2014, Kumar et al. evaluated the ability of PRRs to recognize three forms of capped mRNA,
including Cap0-capped, Cap1 (m7GpppNmN)-capped, and uncapped mRNA. They discovered that
Cap1-capped mRNA was still translated after being recognized by PRRs, while Cap0-capped and
uncapped mRNA were not [60]. Therefore, choosing appropriate 5′ Cap structure can avoid excessive
immunity response.

Modification of the ORF region can also reduce the strong immune response caused by PRRs
recognition, and enhance the translation level of mRNA [22]. In 2011, Anderson et al. studied the
difference between unmodified mRNA and pseudouridine modified mRNA [63]. The ability of
mRNA to be recognized by 2′-5′-oligoadenylate synthetase (OAS protein, induced by type I IFN)
and mRNA stability were assessed, and results showed that the pseudouridine modified mRNA had
lower efficiency in terms of OAS activation, lower rate of RNA degradation, and higher efficiency
of mRNA translation [63]. Karikó et al. intravenously injected pseudouridine modified mRNA in
mice, and found out that there was a higher target protein expression in the spleen and lower IFN-α
concentration in serum compared with unmodified mRNA treatment [13]. Uracil analog is the most
common analog used in mRNA modification, and some other base analogs can also be used for mRNA
sequence modification. Kormann et al. and Mays et al. used different rates of 5-methyl-cytidine and
2-thiouridine to modify mRNA sequence, in which both effectively reduced the recognition rate of
PRRs, and increased mRNA intracellular stability [64,65].

3.3. Adding Adjuvants to Optimize mRNA Immunogenicity

Some studies need the enhancement of the immunogenicity of mRNA vaccines and adding
adjuvants to the mRNA vaccine system can meet this requirement. Formulation of self-amplified
RNA vaccines with the traditional adjuvant MF59 (made by Novartis) and cationic nanoemulsion
(CNE) have proven to enhance the immunogenicity and efficacy of mRNA vaccines in various animal
models [21,66]. Certain immunomodulatory molecules also have adjuvant activity. TriMix, a new
adjuvant strategy developed by Vrije Universiteit Brussel, consists of mRNAs that encode three
immune activator proteins—CD70, CD40 ligand (CD40L) and constitutively active TLR4 [53,67,68].
TriMix mRNA can increase the immunogenicity of naked, unmodified, unpurified mRNA, and it
is also related to the enhancement of DCs’ maturation and cytotoxic T lymphocyte response [67].
In 2018, Leal et al. adopted the TriMix naked mRNA strategy to treat acquired immune deficiency
syndrome (AIDS) patients. Treatment using high doses of TriMix mRNA showed that a high human
immunodeficiency virus (HIV)-specific T cell response could be stimulated and detected [69]. The high
safety and tolerability of this strategy has been demonstrated in this research [69].

Some mRNA delivery vehicles can also increase the adjuvant effect, such as cationic lipid and
protamine. In 2013, researchers used the mRNA vaccine immunization strategy with cationic
lipid 1,2-dioleoyl-3trimethylammonium-propane/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOTAP/DOPE) as the assigned adjuvant, and stimulated more pro-inflammatory cytokines and type I
IFN secretion than naked mRNA in DCs [61]. After subcutaneous injection of this mRNA vaccine in
mice, large amount of type I IFN secretion and rapid aggregation of inflammatory monocytes could be
detected in lymph nodes transiently [61]. This indicates that cationic lipids can strengthen the adjuvant
effect and the efficacy of mRNA vaccines to a certain extent [24,70]. Researches also demonstrated that
mRNA and protamine complexes could act as danger signal and elicit T-help 1 cell (Th1) responses
via TLR7 and TLR8 involving [14,71]. The RNActive® vaccine platform designed by CureVac used
co-delivered RNA and protamine complex as the adjuvant to induce Th1 T cell responses, and naked,
unmodified, and sequence-optimized mRNA as the antigen to develop mRNA vaccines [54]. In this
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technique, protamine-formulated RNA only works as an adjuvant, not as a mRNA carrier, enabling
more RNActive® vaccines to arouse strong immune responses in many pre-clinical models, which can
successfully prevent attacks from various influenza strains [21,54]. Kowalczyk et al. revealed that
RNActive® vaccine treatment in mice could initiate a balanced and strong specific immune response
with intradermal immunization [72]. This immune stimulation only existed in the stimulated site
and lymphoid organs, and no pro-inflammatory factors were detected in serum. Overall, RNActive®

technology is a new effective technique of mRNA vaccine with high levels of safety and flexibility.

4. mRNA Delivery System

mRNA needs to enter the host cytoplasm to express specific antigens to remain functional; however,
the mRNA molecule is not small enough to pass through cell membrane by free diffusion [21,25].
Additionally, mRNA and cell membrane are both negatively charged, which increases the difficulty of
mRNA delivery. Furthermore, mRNA can be easily degraded by extracellular ribonucleases which
exist in skin and blood [21,25]. Therefore, delivering mRNA into enough numbers of cells with
sufficiently high translation levels is one of the most difficult application problems of mRNA vaccines,
as it demands highly specific and efficient mRNA delivery systems [73,74]. A variety of mRNA delivery
methods and mRNA delivery vehicles have been developed and applied currently (Table 1).

Table 1. Examples of mRNA delivery systems.

Delivery System (Delivery
Methods/Materials) Administration Target Host Disease(s) Reference(s)

Direct Injection

Intradermal Mice – [75,76]
Intradermal Human Melanoma [77]
Intranodal Mice Cancer [15]
Intranodal Mice – [67]

Subcutaneous, intranasal,
intravenous Mice – [78]

Subcutaneous tumors, intranodal Mice Cervical cancer [79]
Intranodal Human Melanoma [18]

Physical Delivery Methods

Electroporation
Intradermal Mice – [80]

– Neurosphere – [81]
– DCs Melanoma [18]

Gene gun
– Mice Melanoma [82]
– Mice Epidermolysis bullosa [83]

Sonophoresis
– DCs – [84]

Microneedles
– Mice – [85]

Intradermal Pig – [86]

Ex Vivo Loading of DCs Delivery

Subcutaneous Mice Different tumors [84]
Intradermal Human Acute myeloid leukemia [87]

– Mice Glioblastoma [88]

Protamine-Formulated Delivery

Intradermal Human Melanoma [14]
Intradermal, Intranodal Mice, ferret, pig Cancer, infectious diseases [54]

Intradermal Human Prostate cancer [89]
Intradermal, intramuscular Human Rabies [90]

Intradermal Human NSCLC [91]
Intradermal Human NSCLC [92]
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Table 1. Cont.

Delivery System (Delivery
Methods/Materials) Administration Target Host Disease(s) Reference(s)

Lipid-Based Delivery

LNP Intramuscular Mice, rat Respiratory syncytial virus
infection [17]

LNP
Intravenous, intraperitoneal,
subcutaneous, intramuscular,

intradermal, intratracheal
Mice – [93]

LNP Intravenous Human Melanoma [94]
LNP Intramuscular Human H10N8 and H7N9 [95,96]

LNP Intradermal, intravenous,
subcutaneous

Mice, rhesus
macaque ZIKV [97]

LNP Intramuscular Mice ZIKV [98]

Lipid-Based Delivery

LNP Intravenous Human adipocyte,
hepatocyte Anemia [99]

LNP Nasal pumping Mice Cystic fibrosis [100]
LNP Intravenous Rat, monkey Anemia [101]
LNP Intravenous Mice Cancer [102]

DOTAP/DOPE Subcutaneous Mice AIDS [61]
DOPE/DC-Cholesterol (2:1) – A549 Cells – [103]
DOTMA/DOPE or DOTMA/

cholesterol Intravenous Mice – [104]

Lipid library – DCs, HeLa cells Melanoma [105]

Polymer-Based Delivery

PBAE Subretinal injections Mice Retina diseases [106]
PBAE, lipid-PEG Intravenous Mice – [107]

Poly(glycoamidoamine) Intravenous Mice Anemia, myelodysplasia [108]
PSA, PEI Subcutaneous Mice AIDS [109]
PEI-PEG Intravenous Mice Pulmonary vascular disease [110]

PEG[Glu(DET)]2 Subcutaneous Mice Muscle atrophy [111]
hPBAEs Inhalation Mice – [112]

DEAE-Dextran – DCs – [113]

Lipid and Polymer Hybrid

DOTMA, PLGA – DCs – [114]

LNP and polymer micelle Intravenous Mice Ornithine transcarbamylase
deficiency [115]

CLAN (PEG-PLGA, PLGA,
BHEM-cholesterol) Intravenous Mice, DCs Lymphoma [116]

Abbreviations: NSCLC, Non-small cell lung cancer; ZIKV, Zika virus; AIDS, acquired immune deficiency syndrome;
DCs, dendritic cells; LNP, lipid nanoparticles (ionizable cationic lipid, PEG, cholesterol, phospholipids); PEG,
polyethylene glycol; DOTAP, dioleoyl-3-trimethylammonium propane; DOPE, dioleoylphosphatidylethanolamine;
DC-Cholesterol, 3β-[N-(N’,N’-dimethylaminoethane) carbamoyl]; DOTMA, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride; PBAE, poly(β-amino ester); PSA, polyethyleneimine-stearic acid; PEI, polyethylenimine;
DEAE, diethylaminoethyl; hPBAEs, hyperbranched poly(beta amino esters); PEG[Glu(DET)]2, N-substituted
polyethylene glycol-diblock-polyglutamide; PLGA, poly(lactic-co-glycolic acid); CLAN, cationic lipid-assisted
nanoparticles; BHEM-cholesterol, N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryloxycarbonyl aminoethyl)
ammonium bromide.

4.1. Naked mRNA Delivery System

4.1.1. Direct Injection of Naked mRNA

Early study has demonstrated that naked mRNA in vivo injection can provoke the immunotherapy
response in mice [3]. At present, administration strategies of mRNA generally include subcutaneous
injection, intradermal injection, intranodular injection, intramuscular injection, intravenous injection,
intratumoral injection, etc., which are essential methods that help stimulate antigen presentation and
initiate immune responses [21,117,118]. In 2013, Phua et al. discovered that delivery efficiency of
subcutaneous injection of naked mRNA in mice was even higher than mRNA nanoparticle delivery
methods [78]. Van Lint et al. suggested that intratumoral injection of tumor-associated mRNA would
elicit an appropriate immune response and believed that it could be a promising vaccination strategy
for the impending future [67]. These days, direct injection of naked mRNA is mainly used to treat
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or prevent infectious diseases [97]. However, even though the injection of naked mRNA can cause
immune response, the working effect of this delivery method is relatively weak, and the naked mRNA
is often rapidly degraded after injection. Direct injection of naked mRNA is too simple and primitive
to be applied in human patients, and it is often used as an administration route to inject modified
mRNA vaccines with other delivery systems to achieve better vaccine effects.

4.1.2. Physical Delivery of Naked mRNA

The efficiency of naked mRNA antigen presentation can be improved with the assistance of common
physical methods including electroporation, gene gun, microneedles, etc. [119]. Electroporation can
increase mRNA delivery efficiency without the demand of other mode receptors, which can reduce
unnecessary immunoreactions [120]. Electroporation also has an adjuvant effect that it can recruit
pro-inflammatory cells and induce the production of cytokines at the inoculation site, improving the
immunogenicity of mRNA [119]. In 1987, Callis et al. found that electroporation could be used to
transfer mRNA into animal and plant cells with low transfection efficiency [121]. However, the target
intracellular expression product was high enough to reach the detection level. In 2017, the mRNA
transfection efficiency in DCs had reached 50–90% for electroporation method [18]. The gene gun
method, using compressed helium gas as an acceleration force to push mRNA coated on the surface
of gold particles into host cells, is an efficient method of mRNA delivery [119]. In 1996, Qiu et al.
used gene gun method to transfer the human alpha-1 antitrypsin mRNA into the mouse skin and
successfully triggered the antibody response [122]. Peking et al. developed a mRNA-based therapy for
genetic skin diseases restoration, mRNA was effectively transported to the target skin layers in mice by
gene gun delivery [83]. Despite its advancements, the gene gun method is rarely used in large animals
and humans. Physical ways to deliver mRNA may affect the physiological structure and activity of
cells, even causing abnormal cell death. Therefore, applying physical mRNA deliveries in human is
potentially hazardous [21,119].

4.2. Ex Vivo Loading of DCs Delivery System

DCs are one of the most potent APCs of immune system. They can present processed antigens
to CD4+, CD8+ T cell via the major histocompatibility complex (MHC), which triggers cellular
immunity [21,123]. Meanwhile, DCs can also present intact antigens to B cells, triggering humoral
immunity [124]. The common way to use DCs as mRNA delivery vehicles is to transfect mRNAs
encoding peptides, proteins or other antigens into DCs via in vitro, and then transfer the processed
DCs back into the host body to start the antigen-specific immune response [125]. The DCs-mRNA
delivery system does not need to be combined with other carrier molecules and can generate high
delivery efficiency. In this context, this delivery system is widely used in pre-clinical experiments,
animal models and clinical researches [87,88,126,127]. Moreover, this strategy has been mainly applied
in cancer treatment because the elicitation of cellular immune response is predominant [128]. However,
the mRNA transfection rate is quite low if only by DCs endocytosis, and electroporation method is
often used to further improve the mRNA transfection rate [129]. Gay et al. used electroporation to
transfer the mRNA encoding HIV antigens into DCs for HIV treatment, after intradermal injection,
the number of HIV-specific CD28+/ CD45RA-CD8+ factors/cytotoxic T-lymphocytes (CTLs) was at least
2 times higher than control, which enhanced the T cell immunological reactions of HIV patients [129].
Another unignorable barrier to clinical application of ex vivo-loaded DC mRNA vaccines is that
time- and money-consuming production process cannot meet the huge quantity demand of mRNA
vaccine for some treatments. Besides, the immune response caused within several hours after mRNA
transfection can be lost during the time-consuming in vitro preparation process, leading to reduction
of the therapeutic effect of mRNA vaccines [19]. Out of these considerations, diseases that require large
amounts of mRNA vaccine treatment in the short term should give preference to delivery systems
with a fast production speed. Delivery systems that are able to directly target mRNA to in vivo APCs
can also be considered.



Int. J. Mol. Sci. 2020, 21, 6582 11 of 35

4.3. Protamine-Formulated Delivery System

Protamine is an alkali cationic protein with resin-like structure. Combining mRNA with protamine
in different mass ratios can yield electrostatic protamine-mRNA complex particles with different
diameters [54]. This tight conjugate form can effectively protect mRNA from being degraded by serum
RNases, and the complex can cause a strong immune-reaction of immune cells such as DCs, monocytes,
B cells, natural killer cells, and neutrophils [14,71,72]. This indicates that protamine has the potential to
be used not only as a mRNA carrier, but also as an immune activator. In 1961, protamine was already
studied as one of the first delivery materials for long RNA [130]. Fotin-Mleczek et al. used protamine
as the delivery material during the vaccination of mRNA tumor vaccine, and successfully elicited a
complete specific anti-tumor response [131]. When the mass ratio of protamine to mRNA is 1:2, the size
of the electrostatic complex formed is about 300 nm, which is relatively stable and produces strong
immune stimulation and high cytokine levels, with the downside of inhibiting protein expression
significantly [131]. However, when the mass ratio of protamine to mRNA is 1:4, compared to the
previous mass ratio of 1:2, the protein expression increased but the cytokine level decreased [131].
Hence, a common idea is that the mRNA translation efficiency and immune strength are limited in the
protamine-formulated mRNA delivery system. And it is speculated that this defect may be related
to the extremely tight electrostatic complex [20,131]. In recent years, protamine-formulated mRNA
delivery system has been widely used in clinical trials, and gained pretty good clinical treatment effects,
such as rabies, non-small cell lung cancer, etc. [90–92]. The RNActive® vaccine platform, which use
the protamine-mRNA only to activate immune responses, is a prevailing technique to resolve this
problem [54]. Furthermore, to use protamine as a mRNA delivery and immune activator at the same
time, structural optimization of protamine or searching for proteins similar to protamine in property as
substitutes deserves our attention.

4.4. Cationic Lipid-Based Delivery System

As a commonly used gene carrier, cationic liposomes can also combine with negatively charged
nucleic acids to form electrostatic complexes, improving mRNA delivery efficiency [132]. The cationic
lipid-mRNA complex and other preparations together can form an 80–200 nm nanoparticle called
lipid nanoparticles (LNP), which can be transfected into the cytoplasm by endocytosis. LNP is one of
the most advanced mRNA delivery systems. This stable particle consists of ionizable cationic lipids,
natural phospholipids, cholesterol and polyethylene glycol (PEG) [119]. The ionizable cationic lipid can
promote the autonomous aggregation of mRNAs to form a ~100 nm particle and release mRNAs in the
cytoplasm through ionization; natural phospholipids support the nanoparticles to form a lipid bilayer
structure; cholesterol is used as a stabilizer to increase LNP stability; and PEG can extend the half-life of
LNP complex [21,133]. mRNA is carried in the core of LNP which can be protected from degradation,
and the lipophilicity property of LNP material allows the mRNA delivery complex to fuse with the
host cell membrane and deliver mRNA into the cells by endocytosis [19,119]. LNP is often used as
a short interfering RNA (siRNA) delivery system in early researches [134]. Nowadays LNP is also
widely used in mRNA delivery processes. Geall et al. used LNP to deliver self-amplified RNA vaccines,
which caused the mRNA expression level in mice to be significantly higher than that of naked mRNA,
CD4 +, and CD8 + T cell immune responses were also effectively induced. With different administration
strategies, the immune-stimulation area provoked by LNP-mRNA can be different [17], and may
achieve the targeted therapy need of different diseases. Pardi et al. found that injecting LNP-mRNA
with the appropriate dose by subcutaneous, intramuscular, and intradermal methods could mediate
local gene product expression [93]. LNP-mRNA treatment with intravenous injection, intraperitoneal
injection, tracheal inhalation, etc. could achieve systemic expression of gene products, as reported in
2018, out of which intravenous injection showed the highest mRNA delivery efficiency, and the target
protein products were successfully expressed in the liver for 4 days [101]. But it is notable that escape
mechanisms of mRNA from complexes to free state for function in the cytoplasm are still incompletely
understood. Change of ionization state of lipids with in vivo environmental pH is thought to be



Int. J. Mol. Sci. 2020, 21, 6582 12 of 35

critical to the escape process [135]. Meanwhile, further research about the toxicity reduction and
immunogenicity regulation of cationic lipid-based delivery system are also urgently needed.

4.5. Polymer-Based Delivery System

Currently, cationic polymers have been widely used as mRNA delivery vectors [133,136].
Commonly used polymer delivery materials include polyethylenimine (PEI), poly (beta-amino
esters) (PBAEs), etc. Among them, PEI is one of the most widely used materials. PEI is a kind
of cationic water-soluble polymer with either dendritic, linear, or branching structure, mainly used as a
DNA/mRNA carrier [109,137]. There is a commercial linear PEI derivative called jetPEI™, which was
once used for DNA and siRNA transfection, and currently available for mRNA transfection [133,138].
However, PEI is also qualified with certain cytotoxicity that is hard to be degraded, so researchers often
use fatty chains to modify low-molecule-weight PEI for the intention of reducing PEI toxicity [53,109,139].
PBAEs are biodegradable polymers originally developed for DNA transfection [140]. A study in
2007 showed that PBAEs could be used to deliver mRNA, and higher levels of mRNA transfection
in vitro could be achieved when there is no serum protein in the system [141]. This research has
led to the development and application of a variety of PBAEs that enhanced serum stability in vivo.
There are now thousands of chemically different PBAEs created thanks to the simple synthetic method
of PBAEs [133,142,143]. In addition, PBAEs and lipids can be formulated together to improve their
serum stability. In 2016, Kaczmarek et al. developed a polymer-based delivery system by formulating
PBAEs and lipid-PEG together, which had high serum stability and mRNA delivery efficacy and
successfully detected the target mRNA product in the lungs of mice specifically by intravenous injection
treatment [107]. Polymer-based materials are crucial competitors against lipids in mRNA therapeutics.
Their toxicity, similar to cationic lipids, has been also thwarted them for broader application [135].
Apart from modification with other materials to improve the properties of polymer-based vectors,
optimization for both molecular weight and branch pattern also seems to be a dependable direction.

5. Applications of mRNA as a Drug Platform

Immunotherapy, especially vaccines against infectious diseases and cancers, is the core field of the
mRNA drug platform. Investigations of other areas such as reprogramming of cell fates and genome
editing based on mRNA have been extensively reviewed [25,53], therefore they are not a subject of
concern in this review. mRNA vaccines are generally categorized into two major types according to
their construction and replication abilities: self-amplifying mRNA (SAM) vaccines and non-replicating
mRNA vaccines.

The SAM vaccines are developed from an alphavirus genome with its gene encoding structural
proteins replaced by the sequence encoding our wanted antigen, enabling intracellular RNA
amplification, and abundant protein expression of the wanted antigen owing to the integrity of
viral replication machinery [144]. The full length of naked SAM can be up to 9~10 kb. Due to
self-replication, a remarkable low dose of this vaccine promises a huge amount of antigen production
with a considerable duration of effectiveness (up to 2 months) [53]. The inoculation of SAM vaccines
can make a simulation of the infection of acute pathogens owing to its PAMP, the replication of
the self-adjuvanted antigen-encoding RNA and the protein expression occurring hours after the
vaccination [145]. This property of SAM vaccines, nevertheless, remains controversial since it has
the potential to limit the size of antigen-encoding sequence that can be accommodated, to affect the
accurate regulation of induced inflammatory responses and even to elicit immune responses of the
organism against those RNA replication factors, thus reducing the in vivo repeated efficacy of the
vaccine [21].

Non-replicating mRNA vaccines have the complete structure of mature mRNA which contains the
ORF segment that encodes our desired antigen. Owing to their small length (2~3 kb), there is no size
restriction for the carrier capacity on the antigen, allowing better control of triggered immune responses
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as well as developing more affordable approaches from synthesis to storage [21,53]. Non-replicating
mRNA vaccines have a huge potential to become the major cure for the current epidemic outbreak.

As mentioned earlier, studies regarding mRNA vaccines have largely completed concept
establishment and initial exploration in the 1990s. In 1993, Martinon et al. successfully achieved
in vivo induction of specific anti-influenza CTLs by intravenous or subcutaneous injection of mice
with liposome-entrapped mRNA encoding influenza virus nuclear proteins, which was a pioneering
mRNA vaccine vector attempt [9]. In 1998, Mandl et al. used the gene gun to deliver in vitro
synthesized infectious RNA from a flavivirus, demonstrating induced protective immunity in mice by
less than 1 ng of RNA [146]. Boczkowski et al. in 1996 obtained DCs with enhanced ability of antigen
presentation by in vitro pulsing with tumor-derived RNA and reported the anti-tumor effect both
in vitro and in mice [147]. Ex vivo DC loading, which achieves an oriented antigen presentation in vitro,
has become a highly pursued delivery strategy of cancer vaccines to stimulate anti-tumor cellular
immune responses. In 1999, Zhou et al. demonstrated tumor growth restriction and prolongation of
survival time in a mouse–melanoma model by direct injection of glycoprotein 100 mRNA encapsulated
in hemagglutinating virus of Japan (HVJ)-liposomes into the spleen, showing mRNA vaccines’ high
potential against cancers [148].

5.1. mRNA Vaccines Against Infectious Diseases

Vaccines against infectious pathogens has always been the most effective way to prevent and
limit infectious diseases, a classic example of which is the complete eradication of the smallpox
virus. Unfortunately, traditional strategies of vaccines, such as non-live freeze-dried vaccines and live
attenuated vaccines, underperform against some chronic or recurrent pathogenic infections with a
long duration of disease such as AIDS and tuberculosis (TB). Traditional vaccines’ lack of adequate
speed, owing to relatively slow process of development, would not be able to address outbreaks of
virulent pathogens such as Zaire ebolavirus, Zika virus (ZIKV) and coronavirus.

mRNA vaccines against infectious diseases have made promising accomplishments and some
products have entered human clinical trials (Table 2). Overall development steps of those vaccines
are (1) constructing the core antigen-encoding mRNA sequence optimized or combined based on
selected antigen(s) from the target pathogen; (2) trying and choosing a proper combination of mRNA
construction type, adjuvants, carrier materials and the route of administration; (3) detecting in vivo
expression of the encoded antigen and the level of elicited immune responses; (4) providing research and
demonstrations of immune induction mechanisms. Here we have reviewed some recently published
promising studies related to mRNA vaccine application trials.
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Table 2. Examples of mRNA vaccine clinical trials for infectious diseases.

Study Product Antigen Delivery Carrier Administration Phase NCT Identifier Status Target

– – DCs intradermal I/II NCT00833781 Completed AIDS
iHIVARNA-01 HTI DCs inguinal intranodal I NCT02413645 Completed AIDS
iHIVARNA-01 HTI DCs intranasal II NCT02888756 Terminated AIDS

mRNA-1647/mRNA-1443 CMV associated antigens – – I NCT03382405 Active, not recruiting CMV infection
mRNA-1647 gB, pentamer complex – – II NCT04232280 Recruiting CMV infection
mRNA-1273 Spike protein lipsome intramuscular I NCT04283461 Active, not recruiting COVID-19
mRNA-1273 Spike protein lipsome – II NCT04405076 Active, not recruiting COVID-19

BNT162a1/BNT162b1/BNT162b2/BNT162c2 Spike protein LNP intramuscular I/II NCT04380701 Recruiting COVID-19
BNT162a1/BNT162b1/BNT162b2/BNT162c2 Spike protein LNP intramuscular I/II NCT04368728 Recruiting COVID-19

CVnCoV Vaccine Spike protein – intramuscular I NCT04449276 Recruiting COVID-19
VAL-506440 H10N8 HA LNP intramuscular/intradermal I NCT03076385 Completed Influenza
VAL-339851 H7N9 HA LNP intramuscular I NCT03345043 Active, not recruiting Influenza
mRNA- 1653 hMPV, PIV3 – – I NCT03392389 Completed hMPV infection
mRNA- 1653 hMPV, PIV3 – – I NCT04144348 Recruiting hMPV infection

CV7201 Rabies virus glycoprotein RNActive® – I NCT02241135 Completed Rabies
CV7202 RABV-G protein antigens – intramuscular I NCT03713086 Active, not recruiting Rabies

mRNA- 1325 – – – I NCT03014089 Completed Zika virus
mRNA- 1893 Zika virus associated antigen – – I NCT04064905 Recruiting Zika virus

Abbreviations: HIV, human immunodeficiency virus; CMV, cytomegalovirus; gB, herpesvirus glycoprotein; HA, hemagglutinin; hMPV, human metapneumovirus; PIV3, parainfluenza
virus 3; RABV-G, rabies virus glycoprotein; DCs, dendritic cells; LNP, lipid nanoparticles; AIDS, acquired immune deficiency syndrome; COVID-19, coronavirus disease 2019.



Int. J. Mol. Sci. 2020, 21, 6582 15 of 35

5.1.1. Influenza Virus

Influenza viruses have the characteristic of continuous evolution which makes them hard to be
completely eradicated. The monoclonal antibody treatment targeting the conservative site of effector
molecules of the influenza virus is commonly accepted as a highly specific and effective method against
the virus [149]. mRNA vaccines encoding the conserved regions of influenza virus effector protein(s)
are capable of provoking the generation of specific antibodies so that a better prevention or treatment
effect, compared to conventional vaccines, is acheived. In addition, the rapid production process of
mRNA vaccines makes them easier to stand out in preventing novel influenza virus. Current mRNA
vaccines against influenza mostly use cationic lipids-based delivery systems to effectively deliver
mRNA. The RNActive® vaccine platform with the self-adjuvanting property give an impressive
performance in trials of prevention of influenza, too [54]. Brazzoli et al. generated a novel oil-in-water
CNE as the carrier for a SAM vaccine expressing influenza virus hemagglutinin (HA) antigen [150].
The vaccination was reported to effectively induce functional neutralizing antibody and HA-specific
CD4+ Th1 cells and CD8+ cytotoxic T cells immune responses; it also defended a lethal influenza virus
challenge in mice. Pardi et al. successfully elicited HA stalk-specific antibody response in mice, rabbits,
and ferrets by immunization with nucleoside-modified non-replicating mRNA vaccine candidate
encoding full-length influenza virus HA formulated in LNP [151]. This mRNA-LNP influenza vaccine
partially overcome inhibition by the usage of maternal antibodies, and in turn induced a longer-lived
and stronger immune protection in the mouse pups than a conventional influenza vaccine [152].
Feldman et al. reported phase I clinical trials of the first two non-replicating mRNA vaccines against
influenza viruses (H10N8 and H7N9) encoding full-length HA respectively from H10N8 and H7N9
with a 1:20 mass ratio of mRNA to LNP [96]. Both vaccines used a LNP carrier that was first applied in
mRNA vaccines against the Zika virus [96,98]; they were proved well tolerated by healthy adults and
elicited potent humoral immune responses [96]. This research showed the potential of mRNA vaccines
to address highly variable pathogens.

5.1.2. HIV

AIDS, a chronic and life-threatening condition owing to the infection of HIV, has not yet found a
truly effective and affordable way of cure since its discovery in 1981. Defeating HIV is a significant
issue of research developing mRNA vaccines. At present, there are several mRNA vaccines for the
treatment of AIDS in human clinical researches. Ex vivo loading of DC delivery systems seems to
be a preferred delivery method which is normally used for cancer treatment. In infectious diseases,
it is almost exclusively used for therapeutic research on AIDS, and is widely proved to safely cause
antigen-specific CD4+ and CD8+ T cell immune response [21]. However, in 2016, Gandhi et al. reported
disappointing results of a clinical trial for immunization of HIV-1-positive participants with autologous
DCs transfected with mRNA encoding HIV-1 structural proteins Gag and Nef [153]. In that trial,
merely transient and weak immune responses were detected, indicating the necessary improvement
for the DC vaccination [153]. In such a way, delivery systems that can elicit strong antigen-specific T
cell immune responses are getting more attention in AIDS treatment.

The cationic nanoparticle carrier is a promising delivery system with multiple diversity. Zhao et al.
developed a PEI-stearic acid (PSA) copolymer-based self-assembled cationic nanomicelles which
delivered non-replicating mRNA vaccine encoding HIV-1 Gag [109]. Their study initially showed the
potential of PSA/mRNA nanomicelle vaccine strategy against HIV with acceptable carrier toxicity,
efficient endosomal escape and translation of mRNA in DCs, and stimulated potent specific antibody
secretion and pro-inflammatory cytokine expression [109]. Bogers et al. demonstrated a SAM vaccine
encoding a HIV-1 clade C envelope glycoprotein delivered by a CNE system, including squalene,
DOTAP, sorbitan trioleate and polysorbate, with a relatively mature preparation protocol [154].
Greater cellular immune responses and neutralizing antibody responses were induced by this HIV
SAM vaccine instead of two other SAM vaccine modalities, the self-amplifying mRNA of which were
encapsulated by a HIV recombinant envelope protein or in an engineered viral replicon particle [154].
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HTI-TriMix, a combination of activation adjuvant TriMix and selected mRNA comprising of 16
conservative fragments from HIV-1 structural proteins—Gag, Pol, Vif, and Nef, is a new mRNA-based
therapeutic vaccine candidate against HIV-1 [155]. It encodes strong activation signals and a potent HIV
recombinant antigen. The preclinical results suggested an effective induction of mature DCs, antiviral
cytokine secretion (especially IFN-γ) and T cell stimulation. Mice that were intranodally injected with
HTI-TriMix generated potent antigen-specific cytotoxic T-cell responses [155]. By the end of 2019,
phase I and phase IIa clinical trials of HTI-TriMix have been accomplished. In phase IIa, HIV-1-infected
participants received three vaccinations at weeks 0, 2, and 4 detected through ultrasound-guided
administration with an inguinal lymph node. Although HTI-TriMix showed good safety and tolerance,
an unexpected start codon was unfortunately found upstream of the HTI recombinant antigen coding
sequence which likely had a negative influence on HTI protein expression [69,156]. Future studies for
corrected HTI are not yet certain. Taking into consideration of an additional translation process of
mRNA vaccines, pre-testing of mRNA expression in vitro deserves our attention. Due to the limited
understanding of HIV and the unclear pathogenesis, there are still many difficulties in the treatment of
AIDS. Choosing proper antigen(s) and delivery system that can cause intense antigen-specific T cell
immune response should be emphasized at mRNA vaccine design in the future. In addition, mRNA
vaccines on AIDS prevention may also be a feasible field.

5.1.3. Coronavirus

In the last 20 years, there have been three coronavirus infections (severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV) and
(SARS-CoV-2)) globally, all leading to extreme health threats and tremendous economic loss without
established therapies or vaccine treatment that would cure the illness. Of all the patents regarding
vaccine types, most of them are related to SARS and MERS, only three patents have been focused on
mRNA vaccines as of today [26]. In the face of the sudden new coronavirus epidemic, the speed of
vaccine development determines the speed of life saving. Therefore, it is inevitable that mRNA vaccines
with rapid product process will play an important role in the development of coronavirus vaccines.

COVID-19, caused by SARS-CoV-2 infection, has been spreading all over the world with over
23.51 million confirmed cases and over 810,000 deaths as of August 25, 2020 (data from World Health
Organization). An effective vaccine is urgently needed. Lin et al. reported two non-replicating mRNA
vaccines respectively encoding the receptor-binding domain of the spike protein and the virus-like
particles (VLPs) of SARS-CoV-2; further optimization of antigen sequences, as well as safety and efficacy
evaluations are underway [27]. Moderna first announced a mRNA vaccine candidate, mRNA-1273,
against SARS-CoV-2, and officially began Phase I clinical trials for safety and immunogenicity evaluation
on March 16, 2020. This vaccine encodes the spike (S) protein of SARS-CoV-2 in a prefusion stabilized
form. According to the interim data announced on May 18, 2020, mRNA-1273 was shown generally
safe and well tolerated; after two weeks following the second dose, with the vaccination dose as low as
25 µg, the levels of both binding antibodies and neutralizing antibodies in serum were at the levels
detected in samples from people having recovered from COVID-19. Collaborative development of a
new mRNA vaccine against SARS-CoV-2 has been announced by Sanofi Pasteur and Translate Bio on
March 27, 2020. Pfizer and BioNTech announced the positive results of the ongoing phase I/II clinical
trials of BNT162b1. It is a modified mRNA vaccine candidate formulated by LNP, encoding trimerized
SARS-CoV-2 S protein receptor binding domain. Proper dose level of BNT162b1 was initially identified
between 10 µg and 30 µg. After two doses of 10 µg and 30 µg of BNT162b1, mean titers of specific
neutralizing antibodies were 1.8-fold and 2.8-fold, respectively, the specific neutralizing antibody of
the convalescent [157].

5.1.4. Other Viral Pathogens

CV7201, a prophylactic non-replicating mRNA candidate vaccine combined with protamine
encoding rabies virus glycoprotein (RABV-G), completed phase I clinical trial in 2016 [90]. In pre-clinical
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trials, this vaccine elicited powerful functional antibody responses with a stable titer level up to one
year and induced robust specific CD4+ and CD8+ T cells (higher CD4+ T cell induction than the
induction by a licensed vaccine) when applied intradermally both in mice and pigs [158]. Although
CV7201 was shown generally safe in phase I trial, the unstable administration-dependent functional
antibody titer resulted in an unclear research outlook [90]. Subsequent new preclinical studies in 2019
reported an improved humoral and cell immune response using RABV-G mRNA packaged in LNP
in both mice and nonhuman primates in comparison to the protamine formulated mRNA candidate;
corresponding human clinical trials are being followed up [159].

In 2017, modified mRNA-LNP vaccines against ZIKV were reported in Cell and Nature
respectively [97,98]. Pre-membrane (prM) protein and envelope (E), two ZIKV structural proteins,
form prM-E heterotrimers when ZIKV buds invade the lumen of the endoplasmic reticulum.
Richner et al. developed a LNP-encapsulated non-replicating mRNA vaccine encoding the human IgE
signal sequence, which contained full-length prM and E genes (IgEsig-prM-E) [98]. Intramuscular
inoculation of 2 µg of IgEsig-prM-E LNPs with a booster protected mice from severe ZIKV infection
with remarkably high titers of neutralizing antibodies (>1/100,000 EC50) was detected [98]. Similarly,
Pardi et al. demonstrated a low dose (50 µg) intradermal vaccination contained with mRNA-LNP
complex encoding prM-E glycoproteins of ZIKV, which sufficiently protected non-human primates
from a viral challenge [97].

Against Venezuelan equine encephalitis virus (VEEV), two synthetic CNE-encapsulated
Venezuelan equine encephalitis SAM vaccine candidates, LAV-CNE (carrying the RNA genome of
TC-83, a live-attenuated investigational vaccine strain) and IAV-CNE (carrying TC-83 viral genome with
the capsid gene deleted), were designed to be capable of offering immune protection [160]. In inoculated
mice, both vaccines induced robust virus-specific neutralizing antibodies and provided protection
from wild-type VEEV aerosol challenge [160]. In addition, mRNA-based candidate vaccines have been
developed and trialed against diverse viruses such as chikungunya virus, herpes simplex virus, human
metapneumovirus and parainfluenza virus, all showing desirable development prospects [161–163].

It’s worth noting that Pepini et al. reported type I IFN, which played a critical role in antiviral
responses and elicited by LNP-formulated SAM vaccine, could inhibit the expression of mRNA-encoded
antigens in mice [164]. In line with this, Zhong et al. found that a naked ZIKV SAM vaccine encoding
the ZIKV prM-E induced limited and unstably variable humoral immunity in wildtype mice when
compared with robust response in IFNAR1 knockout mice [165]. Those researches suggest antiviral
responses, especially type I IFN response, activated by SAM vaccination might have a negative effect
on SAM-induced immune protection and optimization of SAM construction and administration should
be considered.

5.1.5. Bacterial Pathogens

Apart from viral antigens, only very few species of bacterial and parasitic antigens have been
used in mRNA vaccine attempts, many of which still remain at the preclinical trial stage [166–169].
A wider variety of targeted antigens will represent more important issues for the next stage of mRNA
vaccine development.

In 2017, Maruggi et al. designed two prophylactic SAM vaccines mixed with CNE encoding
Streptolysin-O (SLOdm) from Group A (GAS) Streptococci and the pilus 2a backbone protein (BP-2a)
from Group B (GBS) Streptococci, respectively [167]. Inoculated mice succeeded in producing a large
amount of fully functional antibodies which could be significantly increased by booster, and survival
rate was increased for GAS and GBS infections [167]. Among infectious diseases caused by a single
pathogen, the TB caused by the bacterial pathogen Mycobacterium tuberculosis has been ranking first
in fatality rate globally for a long time. Still, there is only one vaccine licensed against human TB:
Mycobacterium bovis Bacillus Calmette–Guérin (BCG), an attenuated whole-cell vaccine which has
been found severe limitations in numerous clinical trials [170,171]. MVA85A, a TB subunit vaccine
expressing single antigen Ag85A, had no significant improved protection in phase IIb trial [172].
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The letdown reminds us that, compared with the viral infections, bacterial infections tend to have more
complicated stages with diverse characteristics of molecule expression, which are virtually impossible
for single antigen to cover. If mRNA vaccines want to be applied further into the area of prevention
and treatment of bacterial infection, more optimizations should be considered, including selection and
recombination of various antigens or epitopes, periodic administration for different target antigens,
and even direct addition of adjuvanted passive immune compositions (e.g., Kose et al. developed a
chikungunya-against mRNA vaccine encoding neutralizing human monoclonal antibodies [173]).

We are all looking forward to the first successful mRNA vaccine product. Optimizing the primary
and secondary structure of mRNA and choosing the appropriate delivery system according to the
characteristics of different diseases are critical steps for better application of mRNA vaccines against
various pathogens.

5.2. mRNA Cancer Vaccines

As our knowledge of tumor-specific antigens gradually deepens, people are now discussing more
about the possibility of developing cancer vaccines [174,175]. Tumor-associated antigens (antigens
preferentially expressed in cancerous cells and usually relevant to dysregulation and abnormal behaviors
of cancerous cells) and tumor-specific neo-epitopes (small peptides derived from tumor-specific somatic
mutation that are exposed to the surface of cancer cells and can be recognized by T cells) are now
the core targets of mRNA cancer vaccines [18,176]. Considering the diversity and uncertainty of
the cancerogenesis, cancer vaccines that are mainly therapeutic are now aimed to stimulate cellular
immunity, which would potentially act as an effective cancer treatment [21,177]. There have been some
clinical trials of hopeful candidates in progress (Table 3).
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Table 3. Examples of mRNA vaccine clinical trials for cancers.

Study Product Antigen Delivery Carrier Administration Phase NCT Identifier Status Target

– WT1 DCs intradermal I NCT00834002 Completed AML
– WT1 DCs intradermal II NCT01686334 Recruiting AML
– Leukemia associated antigens, CMV antigen DCs intradermal I/II NCT01734304 Completed AML
– WT1 DCs – I/II NCT03083054 Active, not recruiting AML

GRNVAC1 hTERT, LAMP-1 DCs – II NCT00510133 Completed AML
– Leukemia associated antigens DCs – I NCT00514189 Terminated AML
– – DCs – I NCT02808416 Active, not recruiting Brain metastases

– CEA DCs intravenous/intradermal I/II NCT00228189 Completed Colorectal cancer, liver
metastases

– MUC1, survivin DCs – I/II NCT02693236 Unknown * Esophagus cancer
– – DCs intradermal I/II NCT00846456 Completed GBM
– Human CMV pp65-LAMP, HIV-Gag DCs intradermal II NCT03688178 Suspended GBM
– Human CMV pp65-LAMP DCs intradermal II NCT02366728 Active, not recruiting GBM
– WT1 DCs intradermal I/II NCT02649582 Recruiting GBM
– – DCs Intravenous/intradermal I NCT02709616 Active, not recruiting GBM

PerCellVac2 Glioma associated antigens DCs – I NCT02808364 Active, not recruiting GBM
DEN-STEM hTERT, survivin, autologous tumor antigens DCs intradermal II/III NCT03548571 Recruiting GBM

pp65 DC pp65 DCs subcutaneous II NCT02465268 Recruiting GBM
I-ATTAC Human CMV pp65-LAMP DCs intradermal II NCT03927222 Recruiting GBM

– CMV pp65-LAMP DCs intradermal I NCT00639639 Active, not recruiting GBM
– WT1 DCs intradermal I/II NCT01291420 Unknown * GBM
– Brain tumor stem cell specific antigens DCs intradermal I NCT00890032 Completed GBM

– MiHA DCs intravenous I/II NCT02528682 Recruiting Hematological
malignancies

– CMV pp65-LAMP DCs intradermal I NCT00626483 Completed Malignant neoplasms
Brain

– WT1 DCs intradermal I/II NCT02649829 Recruiting Malignant pleural
mesothelioma

– – DCs intradermal/intranasal I/II NCT01278940 Completed Melanoma
– gp100, tyrosinase DCs – I/II NCT00243529 Completed Melanoma

– Melan-A, Mage-A1, Mage-A3, survivin, gp100,
tyrosinase – intradermal I/II NCT00204607 Completed Melanoma

– Melan-A, Mage-A1, Mage-A3, Survivin, gp100,
tyrosinase – intradermal I/II NCT00204516 Completed Melanoma

– gp100, tyrosinase DCs intradermal/intravenous I/II NCT00940004 Completed Melanoma
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Table 3. Cont.

Study Product Antigen Delivery Carrier Administration Phase NCT Identifier Status Target

– hTERT, survivin DCs – I/II NCT00961844 Terminated Melanoma
– hTERT, survivin, p53 DCs intradermal I NCT00978913 Completed Melanoma
– – DCs intravenous/intranasal I NCT01066390 Completed Melanoma
– gp 100, tyrosinase DCs intranasal I/II NCT01530698 Completed Melanoma
– gp 100, tyrosinase DCs Intradermal/intravenous II NCT02285413 Completed Melanoma
– TRP2 DCs subcutaneous I NCT01456104 Active, not recruiting Melanoma

mRNA- 4157 multiple neoantigens – – II NCT03897881 Recruiting Melanoma
NCI-4650 – – intramuscular I/II NCT03480152 Terminated Melanoma

– CT7, Mage-A3, WT1 DCs subcutaneous I NCT01995708 Active, not recruiting Multiple myeloma
CV9201 – RNActive® – I/II NCT00923312 Completed NSCLC
DC-CIK SOCS 1, MUC1, survivin DCs – I/II NCT02688686 Unknown * NSCLC

BI 1361849 – – – I/II NCT03164772 Recruiting NSCLC
DC-006 vaccine hTERT, survivin DCs intradermal I/II NCT01334047 Terminated Ovarian cancer
W_ova1 Vaccine – Liposome intravenous I NCT04163094 Recruiting Ovarian cancer

– TERT DCs – I NCT01456065 Unknown * Ovarian cancer
– hTERT, survivin DCs – I/II NCT01197625 Active, not recruiting Prostate cancer

– NY-ESO-1, MUC1 PepTivator®
protamine and

DCs intranasal II NCT02692976 Completed Prostate cancer

– hTERT, survivin, PSA, PAP DCs intradermal II NCT01446731 Completed Prostate cancer
CV9104 Prostate associated antigens RNActive® intradermal II NCT02140138 Terminated Prostate cancer

mRNA- 4157 multiple neoantigens – intramuscular I NCT03313778 Recruiting Solid tumors

* Studies that have passed their completion date and status have not been verified in more than two years. Abbreviations: WT1, Wilms’ Tumor-1; CMV, cytomegalovirus; hTERT,
human telomerase reverse transcriptase; LAMP, lysosome-associated membrane protein; CEA, carcinoembryonic antigens; MUC1, tumor marker expressed by MUC1 gene; HIV, human
immunodeficiency virus; Survivin, one of the apoptosis inhibitory protein family; pp65, 65K phosphoprotein; MiHA, minor histocompatibility antigens; gp100, glycoprotein 100; Melan-A,
Melanoma antigen recognized by T cells; Mage-A1 and Mage-A3 and CT7, cancer testis antigen; TRP2, tyrosinase-related protein 2; SOCS 1, cytokine signaling 1; TERT, telomerase reverse
transcriptase; NY-ESO-1, New York esophageal squamous cell carcinoma 1; PSA, prostate specific antigen; PAP, prostatic acid phosphatase; DCs, dendritic cells; AML, Acute myelocytic
leukemia; GBM, Glioblastoma; NSCLC, Non-small cell lung cancer.
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Sahin et al. pioneered the concept of “mutanome,” an overall detection and map of somatic
mutations in individual tumors [18], the obtainment of which made personalized vaccination therapy
possible and attractive with the help of next-generation sequencing technology [178,179]. Further,
they designed procedures to develop personalized mRNA mutanome vaccines from mutanome
identification, neo-epitopes prediction, and selection. This allowed mRNA vaccines to be unique
for each patient. This strategy was firstly applied on melanoma patients with inspiring results
achieved. By comparing tumor biopsies and normal blood cells via exome and RNA sequencing,
researchers identified and selected ten mutations related to the human lymphocyte antigen (HLA)
function per patient. Based on those mutations, core mRNA were synthesized and neo-epitope
vaccines (≥eight doses) were percutaneously injected into inguinal lymph nodes [18]. Robust T
cell responses against multiple neo-epitopes encoded by the vaccine were detected in all patients.
With PD-1 blockade combination therapy, complete responses to vaccination were developed in some
patients [18]. Clinical trials of similar mutanome-based mRNA vaccines against triple negative breast
cancer are under way [180].

Co-transfecting mRNA encoding immune-regulation factors into DCs, normally by electroporation,
to boost immune responses elicited by DCs-mRNA cancer vaccine has been an extensively studied
subject [19,117,135]. TriMix can promote DC activation, CD4+ T cell phenotype shift, and cytotoxic
T lymphocyte responses in numerous animal trials [68,155,181]. A joint therapy, which combined
the vaccination of the DC-based mRNA, encoding TriMix and tumor antigens, plus ipilimumab
(TriMixDC- MEL IPI), had been applied for advanced melanoma. It successfully induced potent
tumor-associated antigen specific CD8+ T cell responses, demonstrating excellent therapeutic effects of
the tumor-specific vaccine and immune checkpoint block agents [182]. Nevertheless, there existed
undetectable response after in vitro T-cell stimulation in 3/15 patients, suggesting the necessity for
a further study for mechanism of action about this issue. In addition, Reinhard et al. developed
Chimeric antigen receptor (CAR)-T cells targeting regulated tight junction protein claudin 6 (CLDN6)
supplemented by a liposomal CLDN6-encoding RNA vaccine which greatly boosted CAR-T cell
stimulation and regression of large solid tumors in mice [183].

In view of significantly uneven distribution of various lymphocytes in the whole body and
different locations and attributes of different primary tumors, it is essential to select the proper
carrier and administration method for optimization of the mRNA vaccine effect [21,184]. General
carrier systems and delivery routes are as stated above. For example, Jabulowsky et al. developed
a RNA-lipoplex vaccine against melanoma [RNA(LIP)] which was injected intravenously to deliver
mRNA steadily to APCs in whole body for antigen expression and presentation [185]. This vaccine is
under clinical evaluation for safety and tolerance (NCT02410733). Direct intratumoral inoculation is
notably an emerging method [21,181,186]. Shariati et al. pioneered the pressurized intraperitoneal
aerosol chemotherapy (PIPAC) for delivering mRNA complexes and demonstrated that PIPAC is able
to apply mRNA into peritoneal cavity in mice [187]. Besides, for optimization of carrier analysis and
selection, a high-throughput approach to screen proper ionizable lipid-like materials as mRNA delivery
vehicles were developed by Anderson et al. they constructed a combinatorial library of ionizable
lipid-like materials using an isocyanide-mediated three-component reaction [105]; the screening
standard was capable of facilitating in vivo mRNA delivery and providing effective and specific
immune activation [105]. The best candidate chosen, heterocyclic lipids-mRNA vaccine, was further
demonstrated to promote APCs maturation to stimulate potent immune responses via the intracellular
stimulator of interferon genes pathway [105].

6. Discussion

As reviewed by Weissman et al., standardized in vitro good manufacturing practice of mRNA
production is now accessible, while barriers still exist on synthesis of some uncommon sequences
as well as salable and low-cost production for some reagents [21]. At the same time, capability of
the long-term storage of mRNA vaccines with invariable activity should be emphasized. It had
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been reported early on that purified freeze-dried RNA in trehalose could maintain the activity up
to 10 months at 4 ◦C, whose stability was comparable to conventional vaccines [188]. Phase I trial
of mRNA-based rabies virus vaccine CV7201 demonstrated that it could be stored as a freeze-dried
preparation at 5–25 ◦C for 3 years and at 40 ◦C for 6 months without obvious loss of activity [90].
In 2019, Coolen et al. developed a poly(lactic acid)-nanoparticle-based mRNA vaccine, mixed with
amphipathic cationic peptides, which showed stable expression efficacy after storage at 4 ◦C for up
to 7 days [189]. Although further investigations are needed to study the effects of storage of mRNA
complexed with vector molecules under unfrozen condition, studies has suggested the potential of
mRNA vaccines for cold-chain free transport and storage in the future [169].

What makes the mRNA vaccines a widely recognized form compared to conventional vaccines is
the non-toxic production process, its short production time and chemical nature as ribonucleic acid,
in line with safety and well-tolerance of mRNA vaccines shown in multiple clinical trials [14,69,77,
90,96,156,162]. Various adverse symptoms, however, were still detected occasionally with unclear
mechanism, emphasizing the importance of safety optimization [19,21]. Autoimmunity triggered by
type I IFN responses are suggested to play a role in adverse physical reactions [164,165]. Other problems
such as edema and coagulation due to excessive extracellular RNA and induction of anti-mRNA
antibodies were also reported [22]; side effects owing to the vectors or administrating routes may also
exist. Work on both safety assessment and investigations to mechanisms of the anti-vaccine response
need to be moved forward.

Even though no mRNA vaccine product has been approved for marketing so far, development of
specialized official product guidance of mRNA vaccines should be taken into consideration by medical
authorities, particularly in view of the momentum and potential of this field where a remarkable
number of relevant preclinical and clinical trials is active or completed.

The development of tools for material screening or characterization of mRNA-based complexes is
of utmost importance to improve the stability and protein producing efficiency of mRNA vaccines.
Constructing a combinatorial library of ionizable lipid-like materials is a promising strategy introduced
above [105]. In 2018, Zhang et al. used the fluorescence correlation spectroscopy (FCS) to analyze
the mRNA-based complex stability in buffer and biological fluid such as human serum and ascitic
fluid [190]. Results have shown that strong mRNA binding of linear PEI would likely lead to a
less efficient mRNA translation while a lipid-based carrier performed well in intracellular efficient
release and subsequent translation of mRNA. Further, they applied FCS and single particle tracking
to study the decay kinetics of mRNA with the half-life of mRNA in biological samples measured
(~1–2 min) [191]. Single-molecule methods have a tempting application prospect of deep optimization
for the construction of mRNA vaccines.

Theoretically, mRNA can be synthesized to express almost any protein antigens, which can provide
a great flexibility for antigen design. For instance, a ZIKV vaccine from Richner et al. contains mRNA
encoding a mutant antigen of ZIKV of which an immunodominant cross reactive epitope to dengue
virus is deleted to minimize the induction of cross-reactive antibodies [98]. Nowadays, the application
of artificial intelligence and deep learning lead to a huge progress in gene sequence-based prediction
of protein structure [192,193]. The development of big data, meanwhile, immensely advances the
improvement of algorithms for tumor antigen epitope prediction [194]. With the field of data mining
further, it could become a reality to optimize existing antigens much better and design unprecedented
antigens independent of natural genes. Optimization and personalization of mRNA vaccines will
become a revolutionary milestone.

In conclusion, the mRNA vaccine is a versatile and powerful platform. Its successful development
towards clinical translation will remarkably strengthen our ability to react to and control emerging
communicable diseases, and prominently enrich our arsenal of treating classical and re-emerging
communicable diseases and cancers from the perspective of stimulating self-immune responses. Further
investigations for mechanisms of action of extracellular transportation and intracellular escape and
gene expression of mRNA still deserve our efforts. Moreover, modularization of mRNA vaccine design



Int. J. Mol. Sci. 2020, 21, 6582 23 of 35

and production targeting different application conditions seems to be a promising strategy for the
clinical usage [169]. In the next 5 years, several critical clinical trials of mRNA vaccines are going to be
completed (especially those against COVID-19). More extended human clinical experience will give us
a more comprehensive insight into mRNA vaccine platform and various delivery systems.

From increasing productive capacity of mRNA and various carrier materials, to screening
potential carrier molecules and adjuvants, to improving the composition and construction of vaccines,
to arranging a corresponding route for administration, to optimizing the core encoding mRNA sequence
and to demonstrating immune mechanisms of delivery and induction, the field of mRNA vaccines is
still far from maturity, but its potential to be the preferred vaccine pattern has been fully shown.

Author Contributions: Conceptualization, S.X. and L.Z.; writing—original draft preparation, S.X. and K.Y.;
writing—review and editing, R.L., S.X. and K.Y.; supervision, L.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by grants from the National Key R&D Program of China (No.2018YFD0500900)
and China’s 13th Five Year Programs for the prevention and cure of great infectious diseases (2017ZX10201301-005).

Conflicts of Interest: The authors declare no any commercial or financial relationships that could be construed as
a potential conflict of interest in this article.

Abbreviations

mRNA messenger ribonucleic acid
DOTMA N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride
TNF-α tumor necrosis factor-α
IFN-α interferon-α
COVID-19 coronavirus disease 2019
5′ cap five-prime cap
5′ UTR five-prime untranslated region
ORF open reading frame
3′ UTR three-prime untranslated region
eIF eukaryotic translation initiation factor
ARCA anti-reverse cap analogs
DCs dendritic cells
PABP Poly (A) binding protein
APCs antigen-presenting cells
PRRs pattern recognition receptors
TLR Toll-like receptor
dsRNA double-stranded RNA
RIG-I Retinoic-acid-inducible gene I
RLRs RIG-I-like receptors
MDA5 melanoma differentiation-associated 5
IFN type I interferon
CD cluster of differentiation
ssRNA single-stranded RNA
PAMP pathogen-associated molecular pattern
ISGs IFN-stimulated genes
IFIT IFN-inducible protein with tetratricoid repeats
OAS 2′-5′-oligoadenylate synthetase
CNE cationic nanoemulsion
AIDS acquired immune deficiency syndrome
HIV human immunodeficiency virus
DOTAP 1,2-dioleoyl-3trimethylammonium-propane
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
Th1 T-help 1 cell
NSCLC Non-small cell lung cancer
ZIKV Zika virus
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LNP lipid nanoparticles
PEG polyethylene glycol
DC-Cholesterol 3β-[N-(N’,N’-dimethylaminoethane) carbamoyl]
PBAE poly(β-amino ester)
PSA polyethyleneimine-stearic acid
PEI polyethylenimine
DEAE diethylaminoethyl
hPBAEs hyperbranched poly(beta amino esters)
PEG[Glu(DET)]2 N-substituted polyethylene glycol-diblock-polyglutamide
PLGA poly(lactic-co-glycolic acid)
CLAN cationic lipid-assisted nanoparticles
BHEM-cholesterol N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryloxycarbonyl aminoethyl)

ammonium bromide
MHC major histocompatibility complex
CTLs cytotoxic T-lymphocytes
siRNA short interfering RNA
SAM self-amplifying mRNA
gp100 glycoprotein 100
HVJ hemagglutinating virus of Japan
TB tuberculosis
CMV cytomegalovirus
gB herpesvirus glycoprotein
HA hemagglutinin
hMPV human metapneumovirus
PIV3 parainfluenza virus 3
RABV-G rabies virus glycoprotein
SARS-CoV severe acute respiratory syndrome coronavirus
MERS-CoV Middle East respiratory syndrome coronavirus
S protein spike protein
prM pre-membrane
E envelope
VEEV Venezuelan equine encephalitis virus
GAS Group A Streptococci
BCG Mycobacterium bovis Bacillus Calmette–Guérin
WT1 Wilms’ Tumor-1
hTERT human telomerase reverse transcriptase
LAMP lysosome-associated membrane protein
CEA carcinoembryonic antigens
MUC1 tumor marker expressed by MUC1 gene
Survivin one of the apoptosis inhibitory protein family
pp65 65K phosphoprotein
MiHA minor histocompatibility antigens
Melan-A melanoma antigen recognized by T cells
TRP2 tyrosinase-related protein 2
SOCS 1 cytokine signaling 1
NY-ESO-1 New York esophageal squamous cell carcinoma 1
PAP prostatic acid phosphatase
AML acute myelocytic leukemia
GBM glioblastoma
CAR chimeric antigen receptor
CLDN6 claudin 6
PIPAC pressurized intraperitoneal aerosol chemotherapy
FCS fluorescence correlation spectroscopy
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76. Selmi, A.; Vascotto, F.; Kautz-Neu, K.; Türeci, Ö.; Şahin, U.; Von Stebut, E.; Diken, M.; Kreiter, S. Uptake
of synthetic naked RNA by skin-resident dendritic cells via macropinocytosis allows antigen expression
and induction of T-cell responses in mice. Cancer Immunol. Immunother. 2016, 65, 1075–1083. [CrossRef]
[PubMed]

77. Weide, B.; Carralot, J.-P.; Reese, A.; Scheel, B.; Eigentler, T.K.; Hoerr, I.; Rammensee, H.-G.; Garbe, C.; Pascolo, S.
Results of the First Phase I/II Clinical Vaccination Trial With Direct Injection of mRNA. J. Immunother. 2008,
31, 180–188. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gkt1321
http://dx.doi.org/10.1038/mt.2012.202
http://dx.doi.org/10.1126/science.1132505
http://www.ncbi.nlm.nih.gov/pubmed/17038590
http://dx.doi.org/10.1093/nar/gkr586
http://www.ncbi.nlm.nih.gov/pubmed/21813458
http://dx.doi.org/10.1038/nbt.1733
http://www.ncbi.nlm.nih.gov/pubmed/21217696
http://dx.doi.org/10.1172/JCI65351
http://dx.doi.org/10.1038/mt.2014.133
http://www.ncbi.nlm.nih.gov/pubmed/25027661
http://dx.doi.org/10.1158/0008-5472.CAN-11-2957
http://dx.doi.org/10.1038/mt.2008.77
http://dx.doi.org/10.1097/QAD.0000000000002026
http://dx.doi.org/10.1016/j.addr.2012.05.009
http://dx.doi.org/10.1002/eji.200425656
http://dx.doi.org/10.1016/j.vaccine.2016.05.046
http://dx.doi.org/10.1016/j.biotechadv.2020.107534
http://dx.doi.org/10.3390/pharmaceutics12020102
http://dx.doi.org/10.1038/sj.gt.3302964
http://www.ncbi.nlm.nih.gov/pubmed/17476302
http://dx.doi.org/10.1007/s00262-016-1869-7
http://www.ncbi.nlm.nih.gov/pubmed/27422115
http://dx.doi.org/10.1097/CJI.0b013e31815ce501
http://www.ncbi.nlm.nih.gov/pubmed/18481387


Int. J. Mol. Sci. 2020, 21, 6582 29 of 35

78. Phua, K.K.L.; Leong, K.W.; Nair, S.K. Transfection efficiency and transgene expression kinetics of mRNA
delivered in naked and nanoparticle format. J. Control. Release 2013, 166, 227–233. [CrossRef] [PubMed]

79. Bialkowski, L.; Van Weijnen, A.; Van Der Jeught, K.; Renmans, D.; Daszkiewicz, L.; Heirman, C.; Stangé, G.;
Breckpot, K.; Aerts, J.L.; Thielemans, K. Intralymphatic mRNA vaccine induces CD8 T-cell responses that
inhibit the growth of mucosally located tumours. Sci. Rep. 2016, 6, 22509. [CrossRef] [PubMed]

80. Johansson, D.X.; Ljungberg, K.; Kakoulidou, M.; Liljeström, P. Intradermal Electroporation of Naked Replicon
RNA Elicits Strong Immune Responses. PLoS ONE 2012, 7, e29732. [CrossRef]

81. McLenachan, S.; Zhang, D.; Palomo, A.B.A.; Edel, M.J.; Chen, F.K. mRNA Transfection of Mouse and Human
Neural Stem Cell Cultures. PLoS ONE 2013, 8, e83596. [CrossRef]

82. Steitz, J.; Britten, C.M.; Wolfel, T.; Tüting, T. Effective induction of anti-melanoma immunity following genetic
vaccination with synthetic mRNA coding for the fusion protein EGFP.TRP2. Cancer Immunol. Immunother.
2005, 55, 246–253. [CrossRef] [PubMed]

83. Peking, P.; Koller, U.; Hainzl, S.; Kitzmueller, S.; Kocher, T.; Mayr, E.; Nyström, A.; Lener, T.; Reichelt, J.;
Bauer, J.W.; et al. A Gene Gun-mediated Nonviral RNA trans-splicing Strategy for Col7a1 Repair. Mol. Ther.
Nucleic Acids 2016, 5, e287. [CrossRef]

84. Dewitte, H.; Van Lint, S.; Heirman, C.; Thielemans, K.; De Smedt, S.C.; Breckpot, K.; Lentacker, I. The potential
of antigen and TriMix sonoporation using mRNA-loaded microbubbles for ultrasound-triggered cancer
immunotherapy. J. Control. Release 2014, 194, 28–36. [CrossRef] [PubMed]

85. Koh, K.J.; Liu, Y.; Lim, S.H.; Loh, X.J.; Kang, L.; Lim, C.Y.; Phua, K.K.L. Formulation, characterization and
evaluation of mRNA-loaded dissolvable polymeric microneedles (RNApatch). Sci. Rep. 2018, 8, 11842.
[CrossRef] [PubMed]

86. Golombek, S.; Pilz, M.; Steinle, H.; Kochba, E.; Levin, Y.; Lunter, D.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M.
Intradermal Delivery of Synthetic mRNA Using Hollow Microneedles for Efficient and Rapid Production of
Exogenous Proteins in Skin. Mol. Ther. Nucleic Acids 2018, 11, 382–392. [CrossRef] [PubMed]

87. Khoury, H.J.; Collins, R.H.; Blum, W.; Stiff, P.J.; Elias, L.; Lebkowski, J.S.; Reddy, A.; Nishimoto, K.P.; Sen, D.;
Wirth, E.D.; et al. Immune responses and long-term disease recurrence status after telomerase-based dendritic
cell immunotherapy in patients with acute myeloid leukemia. Cancer 2017, 123, 3061–3072. [CrossRef]

88. Batich, K.A.; Reap, E.A.; Archer, G.E.; Sanchez-Perez, L.; Nair, S.K.; Schmittling, R.J.; Norberg, P.; Xie, W.;
Herndon, J.E.; Healy, P.; et al. Long-term Survival in Glioblastoma with Cytomegalovirus pp65-Targeted
Vaccination. Clin. Cancer Res. 2017, 23, 1898–1909. [CrossRef]

89. Kübler, H.; Scheel, B.; Gnad-Vogt, U.; Miller, K.; Schultze-Seemann, W.; Dorp, F.V.; Parmiani, G.; Hampel, C.;
Wedel, S.; Trojan, L.; et al. Self-adjuvanted mRNA vaccination in advanced prostate cancer patients:
A first-in-man phase I/IIa study. J. Immunother. Cancer 2015, 3, 26. [CrossRef]

90. Alberer, M.; Gnad-Vogt, U.; Hong, H.S.; Mehr, K.T.; Backert, L.; Finak, G.; Gottardo, R.; Bica, M.A.;
Garofano, A.; Koch, S.D.; et al. Safety and immunogenicity of a mRNA rabies vaccine in healthy adults:
An open-label, non-randomised, prospective, first-in-human phase 1 clinical trial. Lancet 2017, 390, 1511–1520.
[CrossRef]

91. Papachristofilou, A.; Hipp, M.M.; Klinkhardt, U.; Früh, M.; Sebastian, M.; Weiss, C.; Pless, M.; Cathomas, R.;
Hilbe, W.; Pall, G.; et al. Phase Ib evaluation of a self-adjuvanted protamine formulated mRNA-based active
cancer immunotherapy, BI1361849 (CV9202), combined with local radiation treatment in patients with stage
IV non-small cell lung cancer. J. Immunother. Cancer 2019, 7, 38. [CrossRef]

92. Sebastian, M.; Schröder, A.; Scheel, B.; Hong, H.S.; Muth, A.; Von Boehmer, L.; Zippelius, A.; Mayer, F.;
Reck, M.; Atanackovic, D.; et al. A phase I/IIa study of the mRNA-based cancer immunotherapy CV9201
in patients with stage IIIB/IV non-small cell lung cancer. Cancer Immunol. Immunother. 2019, 68, 799–812.
[CrossRef] [PubMed]

93. Pardi, N.; Tuyishime, S.; Muramatsu, H.; Kariko, K.; Mui, B.L.; Tam, Y.K.; Madden, T.D.; Hope, M.J.;
Weissman, D. Expression kinetics of nucleoside-modified mRNA delivered in lipid nanoparticles to mice by
various routes. J. Control. Release 2015, 217, 345–351. [CrossRef] [PubMed]

94. Kranz, L.M.; Diken, M.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F.;
Hefesha, H.; et al. Systemic RNA delivery to dendritic cells exploits antiviral defence for cancer
immunotherapy. Nature 2016, 534, 396–401. [CrossRef]

http://dx.doi.org/10.1016/j.jconrel.2012.12.029
http://www.ncbi.nlm.nih.gov/pubmed/23306021
http://dx.doi.org/10.1038/srep22509
http://www.ncbi.nlm.nih.gov/pubmed/26931556
http://dx.doi.org/10.1371/journal.pone.0029732
http://dx.doi.org/10.1371/journal.pone.0083596
http://dx.doi.org/10.1007/s00262-005-0042-5
http://www.ncbi.nlm.nih.gov/pubmed/16133114
http://dx.doi.org/10.1038/mtna.2016.3
http://dx.doi.org/10.1016/j.jconrel.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25151979
http://dx.doi.org/10.1038/s41598-018-30290-3
http://www.ncbi.nlm.nih.gov/pubmed/30087399
http://dx.doi.org/10.1016/j.omtn.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29858073
http://dx.doi.org/10.1002/cncr.30696
http://dx.doi.org/10.1158/1078-0432.CCR-16-2057
http://dx.doi.org/10.1186/s40425-015-0068-y
http://dx.doi.org/10.1016/S0140-6736(17)31665-3
http://dx.doi.org/10.1186/s40425-019-0520-5
http://dx.doi.org/10.1007/s00262-019-02315-x
http://www.ncbi.nlm.nih.gov/pubmed/30770959
http://dx.doi.org/10.1016/j.jconrel.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26264835
http://dx.doi.org/10.1038/nature18300


Int. J. Mol. Sci. 2020, 21, 6582 30 of 35

95. Bahl, K.; Senn, J.J.; Yuzhakov, O.; Bulychev, A.; Brito, L.A.; Hassett, K.J.; Laska, M.E.; Smith, M.; Almarsson, Ö.;
Thompson, J.; et al. Preclinical and Clinical Demonstration of Immunogenicity by mRNA Vaccines against
H10N8 and H7N9 Influenza Viruses. Mol. Ther. 2017, 25, 1316–1327. [CrossRef]

96. Feldman, R.A.; Fuhr, R.; Smolenov, I.V.; Ribeiro, A.M.; Panther, L.; Watson, M.; Senn, J.J.; Smith, M.;
Almarsson, Ö.; Pujar, H.S.; et al. mRNA vaccines against H10N8 and H7N9 influenza viruses of pandemic
potential are immunogenic and well tolerated in healthy adults in phase 1 randomized clinical trials. Vaccine
2019, 37, 3326–3334. [CrossRef] [PubMed]

97. Pardi, N.; Hogan, M.J.; Pelc, R.S.; Muramatsu, H.; Andersen, H.; DeMaso, C.R.; Dowd, K.A.; Sutherland, L.L.;
Scearce, R.M.; Parks, R.; et al. Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature 2017, 543, 248–251. [CrossRef]

98. Richner, J.M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, J.M.; Julander, J.G.; Tang, W.W.;
Shresta, S.; Pierson, T.C.; et al. Modified mRNA Vaccines Protect against Zika Virus Infection. Cell 2017, 168,
1114–1125. [CrossRef]

99. Arteta, M.Y.; Kjellman, T.; Bartesaghi, S.; Wallin, S.; Wu, X.; Kvist, A.J.; Dabkowska, A.; Szekely, N.;
Radulescu, A.; Bergenholtz, J.; et al. Successful reprogramming of cellular protein production through
mRNA delivered by functionalized lipid nanoparticles. Proc. Natl. Acad. Sci. USA 2018, 115, E3351–E3360.
[CrossRef]

100. Robinson, E.; Macdonald, K.D.; Slaughter, K.; McKinney, M.; Patel, S.; Sun, C.; Sahay, G. Lipid Nanoparticle-
Delivered Chemically Modified mRNA Restores Chloride Secretion in Cystic Fibrosis. Mol. Ther. 2018, 26,
2034–2046. [CrossRef]

101. Sedic, M.; Senn, J.J.; Lynn, A.; Laska, M.; Smith, M.; Platz, S.J.; Bolen, J.; Hoge, S.; Bulychev, A.; Jacquinet, E.;
et al. Safety Evaluation of Lipid Nanoparticle–Formulated Modified mRNA in the Sprague-Dawley Rat and
Cynomolgus Monkey. Veter. Pathol. 2017, 55, 341–354. [CrossRef]

102. Rybakova, Y.; Kowalski, P.S.; Huang, Y.; Gonzalez, J.; Heartlein, M.W.; DeRosa, F.; Delcassian, D.;
Anderson, D.G. mRNA Delivery for Therapeutic Anti-HER2 Antibody Expression In vivo. Mol. Ther.
2019, 27, 1415–1423. [CrossRef] [PubMed]

103. Michel, T.; Luft, D.; Abraham, M.-K.; Reinhardt, S.; Medina, M.L.S.; Kurz, J.; Schaller, M.; Avci-Adali, M.;
Schlensak, C.; Peter, K.; et al. Cationic Nanoliposomes Meet mRNA: Efficient Delivery of Modified mRNA
Using Hemocompatible and Stable Vectors for Therapeutic Applications. Mol. Ther. Nucleic Acids 2017, 8,
459–468. [CrossRef] [PubMed]

104. Rosigkeit, S.; Meng, M.; Grunwitz, C.; Gomes, P.; Kreft, A.; Hayduk, N.; Heck, R.; Pickert, G.; Ziegler, K.;
Abassi, Y.; et al. Monitoring Translation Activity of mRNA-Loaded Nanoparticles in Mice. Mol. Pharm. 2018,
15, 3909–3919. [CrossRef] [PubMed]

105. Miao, L.; Li, L.; Huang, Y.; Delcassian, D.; Chahal, J.; Han, J.; Shi, Y.; Sadtler, K.; Gao, W.; Lin, J.; et al. Delivery
of mRNA vaccines with heterocyclic lipids increases anti-tumor efficacy by STING-mediated immune cell
activation. Nat. Biotechnol. 2019, 37, 1174–1185. [CrossRef] [PubMed]

106. Sunshine, J.; Sunshine, S.B.; Bhutto, I.; Handa, J.T.; Green, J.J. Poly(β-Amino Ester)-Nanoparticle Mediated
Transfection of Retinal Pigment Epithelial Cells In vitro and In vivo. PLoS ONE 2012, 7, e37543. [CrossRef]
[PubMed]

107. Kaczmarek, J.C.; Patel, A.; Kauffman, K.J.; Fenton, O.S.; Webber, M.J.; Heartlein, M.W.; DeRosa, F.;
Anderson, D.G. Polymer-Lipid Nanoparticles for Systemic Delivery of mRNA to the Lungs. Angew. Chem.
Int. Ed. 2016, 55, 13808–13812. [CrossRef] [PubMed]

108. Dong, Y.; Dorkin, J.R.; Wang, W.; Chang, P.H.; Webber, M.J.; Tang, B.C.; Yang, J.; Abutbul-Ionita, I.; Danino, D.;
DeRosa, F.; et al. Poly(glycoamidoamine) Brushes Formulated Nanomaterials for Systemic siRNA and
mRNA Delivery in Vivo. Nano Lett. 2016, 16, 842–848. [CrossRef]

109. Zhao, M.; Li, M.; Zhang, Z.-R.; Gong, T.; Sun, X. Induction of HIV-1 gag specific immune responses by
cationic micelles mediated delivery of gag mRNA. Drug Deliv. 2015, 23, 2596–2607. [CrossRef]

110. Dunn, A.W.; Kalinichenko, V.V.; Shi, D. Highly Efficient In Vivo Targeting of the Pulmonary Endothelium
Using Novel Modifications of Polyethylenimine: An Importance of Charge. Adv. Heal. Mater. 2018, 7,
1800876. [CrossRef]

111. Schumann, C.; Nguyen, D.X.; Norgard, M.; Bortnyak, Y.; Korzun, T.; Chan, S.; Lorenz, A.S.; Moses, A.S.;
Albarqi, H.A.; Wong, L.; et al. Increasing lean muscle mass in mice via nanoparticle-mediated hepatic
delivery of follistatin mRNA. Theranostics 2018, 8, 5276–5288. [CrossRef]

http://dx.doi.org/10.1016/j.ymthe.2017.03.035
http://dx.doi.org/10.1016/j.vaccine.2019.04.074
http://www.ncbi.nlm.nih.gov/pubmed/31079849
http://dx.doi.org/10.1038/nature21428
http://dx.doi.org/10.1016/j.cell.2017.02.017
http://dx.doi.org/10.1073/pnas.1720542115
http://dx.doi.org/10.1016/j.ymthe.2018.05.014
http://dx.doi.org/10.1177/0300985817738095
http://dx.doi.org/10.1016/j.ymthe.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31160223
http://dx.doi.org/10.1016/j.omtn.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28918045
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00370
http://www.ncbi.nlm.nih.gov/pubmed/30028629
http://dx.doi.org/10.1038/s41587-019-0247-3
http://www.ncbi.nlm.nih.gov/pubmed/31570898
http://dx.doi.org/10.1371/journal.pone.0037543
http://www.ncbi.nlm.nih.gov/pubmed/22629417
http://dx.doi.org/10.1002/anie.201608450
http://www.ncbi.nlm.nih.gov/pubmed/27690187
http://dx.doi.org/10.1021/acs.nanolett.5b02428
http://dx.doi.org/10.3109/10717544.2015.1038856
http://dx.doi.org/10.1002/adhm.201800876
http://dx.doi.org/10.7150/thno.27847


Int. J. Mol. Sci. 2020, 21, 6582 31 of 35

112. Patel, A.; Kaczmarek, J.C.; Bose, S.; Kauffman, K.J.; Mir, F.; Heartlein, M.W.; DeRosa, F.; Langer, R.;
Anderson, D.G. Inhaled Nanoformulated mRNA Polyplexes for Protein Production in Lung Epithelium.
Adv. Mater. 2019, 31. [CrossRef] [PubMed]

113. Siewert, C.; Haas, H.; Nawroth, T.; Ziller, A.; Nogueira, S.; Schroer, M.A.; Blanchet, C.; Svergun, D.;
Radulescu, A.; Bates, F.; et al. Investigation of charge ratio variation in mRNA—DEAE-dextran polyplex
delivery systems. Biomaterials 2019, 192, 612–620. [CrossRef]

114. Yasar, H.; Biehl, A.; De Rossi, C.; Koch, M.; Murgia, X.; Loretz, B.; Lehr, C. Kinetics of mRNA delivery and
protein translation in dendritic cells using lipid-coated PLGA nanoparticles. J. Nanobiotechnology 2018, 16, 72.
[CrossRef] [PubMed]

115. Prieve, M.G.; Harvie, P.; Monahan, S.D.; Roy, D.; Li, A.G.; Blevins, T.L.; Paschal, A.E.; Waldheim, M.; Bell, E.C.;
Galperin, A.; et al. Targeted mRNA Therapy for Ornithine Transcarbamylase Deficiency. Mol. Ther. 2018, 26,
801–813. [CrossRef]

116. Fan, Y.; Li, M.; Luo, Y.-L.; Chen, Q.; Wang, L.; Zhang, H.; Shen, S.; Gu, Z.; Wang, J. Cationic lipid-assisted
nanoparticles for delivery of mRNA cancer vaccine. Biomater. Sci. 2018, 6, 3009–3018. [CrossRef] [PubMed]

117. Granot-Matok, Y.; Kon, E.; Dammes, N.; Mechtinger, G.; Peer, D. Therapeutic mRNA delivery to leukocytes.
J. Control. Release 2019, 305, 165–175. [CrossRef]

118. Hu, Z.; Ott, P.A.; Wu, C.J. Towards personalized, tumour-specific, therapeutic vaccines for cancer. Nat. Rev.
Immunol. 2017, 18, 168–182. [CrossRef]

119. Sun, X.; Zeng, L.; Huang, Y. Transcutaneous delivery of DNA/mRNA for cancer therapeutic vaccination.
J. Gene Med. 2019, 21, e3089. [CrossRef]

120. E Broderick, K.; Humeau, L.M. Electroporation-enhanced delivery of nucleic acid vaccines. Expert Rev.
Vaccines 2014, 14, 195–204. [CrossRef]

121. Callis, J.; Fromm, M.; Walbot, V.; Cellis, J. Expression of mRNA electroporated into plant and animal cells.
Nucleic Acids Res. 1987, 15, 5823–5831. [CrossRef]

122. Qiu, P.; Ziegelhoffer, P.; Sun, J.; Yang, N.S. Gene gun delivery of mRNA in situ results in efficient transgene
expression and genetic immunization. Gene Ther. 1996, 3, 262–268.

123. Vacchelli, E.; Vitale, I.; Eggermont, A.; Fridman, W.H.; Fucikova, J.; Cremer, I.; Galon, J.; Tartour, E.; Zitvogel, L.;
Kroemer, G.; et al. Trial watch: Dendritic cell-based interventions for cancer therapy. OncoImmunology 2013,
2, e25771. [CrossRef] [PubMed]

124. Wykes, M.; Pombo, A.; Jenkins, C.; MacPherson, G. Dendritic cells interact directly with naive B lymphocytes
to transfer antigen and initiate class switching in a primary T-dependent response. J. Immunol. 1998, 161,
1313–1319. [PubMed]

125. Wilgenhof, S.; Corthals, J.; Heirman, C.; Van Baren, N.; Lucas, S.; Kvistborg, P.; Thielemans, K.; Neyns, B.
Phase II Study of Autologous Monocyte-Derived mRNA Electroporated Dendritic Cells (TriMixDC-MEL)
Plus Ipilimumab in Patients With Pretreated Advanced Melanoma. J. Clin. Oncol. 2016, 34, 1330–1338.
[CrossRef]

126. Lesterhuis, W.J.; De Vries, I.J.M.; Schuurhuis, D.H.; Boullart, A.C.I.; Jacobs, J.F.; De Boer, A.J.;
Scharenborg, N.M.; Brouwer, H.M.H.; Van De Rakt, M.W.M.M.; Figdor, C.G.; et al. Vaccination of
colorectal cancer patients with CEA-loaded dendritic cells: Antigen-specific T cell responses in DTH skin
tests. Ann. Oncol. 2006, 17, 974–980. [CrossRef] [PubMed]

127. Banchereau, J.F.; Palucka, A.K. Dendritic cells as therapeutic vaccines against cancer. Nat. Rev. Immunol.
2005, 5, 296–306. [CrossRef]

128. Benteyn, D.; Heirman, C.; Bonehill, A.; Thielemans, K.; Breckpot, K. mRNA-based dendritic cell vaccines.
Expert Rev. Vaccines 2014, 14, 161–176. [CrossRef]

129. Gay, C.L.; Debenedette, M.A.; Tcherepanova, I.Y.; Gamble, A.; Lewis, W.E.; Cope, A.B.; Kuruc, J.D.;
McGee, K.S.; Kearney, M.; Coffin, J.M.; et al. Immunogenicity of AGS-004 Dendritic Cell Therapy in Patients
Treated During Acute HIV Infection. AIDS Res. Hum. Retroviruses 2018, 34, 111–122. [CrossRef]

130. Amos, H. Protamine enhancement of RNA uptake by cultured chick cells. Biochem. Biophys. Res. Commun.
1961, 5, 1–4. [CrossRef]

131. Fotin-Mleczek, M.; Duchardt, K.M.; Lorenz, C.; Pfeiffer, R.; Ojkić-Zrna, S.; Probst, J.; Kallen, K.-J. Messenger
RNA-based Vaccines With Dual Activity Induce Balanced TLR-7 Dependent Adaptive Immune Responses
and Provide Antitumor Activity. J. Immunother. 2011, 34, 1–15. [CrossRef]

http://dx.doi.org/10.1002/adma.201805116
http://www.ncbi.nlm.nih.gov/pubmed/30609147
http://dx.doi.org/10.1016/j.biomaterials.2018.10.020
http://dx.doi.org/10.1186/s12951-018-0401-y
http://www.ncbi.nlm.nih.gov/pubmed/30231888
http://dx.doi.org/10.1016/j.ymthe.2017.12.024
http://dx.doi.org/10.1039/C8BM00908B
http://www.ncbi.nlm.nih.gov/pubmed/30264063
http://dx.doi.org/10.1016/j.jconrel.2019.05.032
http://dx.doi.org/10.1038/nri.2017.131
http://dx.doi.org/10.1002/jgm.3089
http://dx.doi.org/10.1586/14760584.2015.990890
http://dx.doi.org/10.1093/nar/15.14.5823
http://dx.doi.org/10.4161/onci.25771
http://www.ncbi.nlm.nih.gov/pubmed/24286020
http://www.ncbi.nlm.nih.gov/pubmed/9686593
http://dx.doi.org/10.1200/JCO.2015.63.4121
http://dx.doi.org/10.1093/annonc/mdl072
http://www.ncbi.nlm.nih.gov/pubmed/16600979
http://dx.doi.org/10.1038/nri1592
http://dx.doi.org/10.1586/14760584.2014.957684
http://dx.doi.org/10.1089/aid.2017.0071
http://dx.doi.org/10.1016/0006-291X(61)90069-9
http://dx.doi.org/10.1097/CJI.0b013e3181f7dbe8


Int. J. Mol. Sci. 2020, 21, 6582 32 of 35

132. Christensen, D.; Agger, E.M.; Andreasen, L.V.; Kirby, D.J.; Andersen, P.; Perrie, Y. Liposome-based cationic
adjuvant formulations (CAF): Past, present, and future. J. Liposome Res. 2009, 19, 2–11. [CrossRef] [PubMed]

133. Kauffman, K.J.; Webber, M.J.; Anderson, D.G. Materials for non-viral intracellular delivery of messenger
RNA therapeutics. J. Control. Release 2016, 240, 227–234. [CrossRef] [PubMed]

134. Frank-Kamenetsky, M.; Grefhorst, A.; Anderson, N.N.; Racie, T.S.; Bramlage, B.; Akinc, A.; Butler, D.;
Charisse, K.; Dorkin, R.; Fan, Y.; et al. Therapeutic RNAi targeting PCSK9 acutely lowers plasma cholesterol
in rodents and LDL cholesterol in nonhuman primates. Proc. Natl. Acad. Sci. USA 2008, 105, 11915–11920.
[CrossRef] [PubMed]

135. Hajj, K.A.; A Whitehead, K. Tools for translation: Non-viral materials for therapeutic mRNA delivery.
Nat. Rev. Mater. 2017, 2, 17056. [CrossRef]

136. Yin, H.; Kanasty, R.L.; Eltoukhy, A.A.; Vegas, A.J.; Dorkin, J.R.; Anderson, D.G. Non-viral vectors for
gene-based therapy. Nat. Rev. Genet. 2014, 15, 541–555. [CrossRef]

137. Lungwitz, U.; Breunig, M.; Blunk, T.; Göpferich, A. Polyethylenimine-based non-viral gene delivery systems.
Eur. J. Pharm. Biopharm. 2005, 60, 247–266. [CrossRef]

138. Rejman, J.; Tavernier, G.; Bavarsad, N.; Demeester, J.; De Smedt, S.C. mRNA transfection of cervical carcinoma
and mesenchymal stem cells mediated by cationic carriers. J. Control. Release 2010, 147, 385–391. [CrossRef]

139. Lv, H.; Zhang, S.; Wang, B.; Cui, S.; Yan, J. Toxicity of cationic lipids and cationic polymers in gene delivery.
J. Control. Release 2006, 114, 100–109. [CrossRef]

140. Wilson, D.R.; Mosenia, A.; Suprenant, M.P.; Upadhya, R.; Routkevitch, D.; Meyer, R.A.; Quinones-Hinojosa, A.;
Green, J.J. Continuous microfluidic assembly of biodegradable poly(beta-amino ester)/DNA nanoparticles
for enhanced gene delivery. J. Biomed. Mater. Res. Part A 2017, 105, 1813–1825. [CrossRef]

141. Zugates, G.T.; Peng, W.; Zumbuehl, A.; Jhunjhunwala, S.; Huang, Y.-H.; Langer, R.; A Sawicki, J.;
Anderson, D.G. Rapid Optimization of Gene Delivery by Parallel End-modification of Poly(β-amino
ester)s. Mol. Ther. 2007, 15, 1306–1312. [CrossRef]

142. Kaczmarek, J.C.; Kauffman, K.J.; Fenton, O.S.; Sadtler, K.; Patel, A.; Heartlein, M.W.; DeRosa, F.; Anderson, D.G.
Optimization of a Degradable Polymer–Lipid Nanoparticle for Potent Systemic Delivery of mRNA to the
Lung Endothelium and Immune Cells. Nano Lett. 2018, 18, 6449–6454. [CrossRef] [PubMed]

143. Palmiero, U.C.; Kaczmarek, J.C.; Fenton, O.S.; Anderson, D.G. Poly(β-amino ester)-co -poly(caprolactone)
Terpolymers as Nonviral Vectors for mRNA Delivery In Vitro and In Vivo. Adv. Heal. Mater. 2018, 7, 1800249.
[CrossRef] [PubMed]

144. Perri, S.; Greer, C.E.; Thudium, K.; Doe, B.; Legg, H.; Liu, H.; Romero, R.E.; Tang, Z.; Bin, Q.; Dubensky, T.W.;
et al. An Alphavirus Replicon Particle Chimera Derived from Venezuelan Equine Encephalitis and Sindbis
Viruses Is a Potent Gene-Based Vaccine Delivery Vector. J. Virol. 2003, 77, 10394–10403. [CrossRef] [PubMed]

145. Ulmer, J.B.; Mason, P.W.; Geall, A.; Mandl, C.W. RNA-based vaccines. Vaccine 2012, 30, 4414–4418. [CrossRef]
146. Mandl, C.W.; Aberle, J.; Aberle, S.W.; Holzmann, H.; Allison, S.L.; Heinz, F.X. In vitro-synthesized infectious

RNA as an attenuated live vaccine in a flavivirus model. Nat. Med. 1998, 4, 1438–1440. [CrossRef]
147. Boczkowski, D.; Nair, S.K.; Snyder, D.; Gilboa, E. Dendritic cells pulsed with RNA are potent

antigen-presenting cells in vitro and in vivo. J. Exp. Med. 1996, 184, 465–472. [CrossRef]
148. Zhou, W.-Z.; Hoon, D.S.B.; Huang, S.; Fujii, S.; Hashimoto, K.; Morishita, R.; Kaneda, Y. RNA Melanoma

Vaccine: Induction of Antitumor Immunity by Human Glycoprotein 100 mRNA Immunization. Hum. Gene
Ther. 1999, 10, 2719–2724. [CrossRef]

149. Ekiert, D.C.; Kashyap, A.K.; Steel, J.; Rubrum, A.; Bhabha, G.; Khayat, R.; Lee, J.H.; Dillon, M.A.; O’Neil, R.E.;
Faynboym, A.M.; et al. Neutralization of influenza A viruses by insertion of a single antibody loop into the
receptor binding site. Nature 2012, 489, 526–532. [CrossRef]

150. Brazzoli, M.; Magini, D.; Bonci, A.; Buccato, S.; Giovani, C.; Kratzer, R.; Zurli, V.; Mangiavacchi, S.; Casini, D.;
Brito, L.M.; et al. Induction of Broad-Based Immunity and Protective Efficacy by Self-amplifying mRNA
Vaccines Encoding Influenza Virus Hemagglutinin. J. Virol. 2015, 90, 332–344. [CrossRef]

151. Pardi, N.; Parkhouse, K.; Kirkpatrick, E.; McMahon, M.; Zost, S.J.; Mui, B.L.; Tam, Y.K.; Karikó, K.;
Barbosa, C.J.; Madden, T.D.; et al. Nucleoside-modified mRNA immunization elicits influenza virus
hemagglutinin stalk-specific antibodies. Nat. Commun. 2018, 9, 3361. [CrossRef]

152. Willis, E.; Pardi, N.; Parkhouse, K.; Mui, B.L.; Tam, Y.K.; Weissman, D.; Hensley, S.E. Nucleoside-modified
mRNA vaccination partially overcomes maternal antibody inhibition of de novo immune responses in mice.
Sci. Transl. Med. 2020, 12, eaav5701. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/08982100902726820
http://www.ncbi.nlm.nih.gov/pubmed/19515003
http://dx.doi.org/10.1016/j.jconrel.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26718856
http://dx.doi.org/10.1073/pnas.0805434105
http://www.ncbi.nlm.nih.gov/pubmed/18695239
http://dx.doi.org/10.1038/natrevmats.2017.56
http://dx.doi.org/10.1038/nrg3763
http://dx.doi.org/10.1016/j.ejpb.2004.11.011
http://dx.doi.org/10.1016/j.jconrel.2010.07.124
http://dx.doi.org/10.1016/j.jconrel.2006.04.014
http://dx.doi.org/10.1002/jbm.a.36033
http://dx.doi.org/10.1038/sj.mt.6300132
http://dx.doi.org/10.1021/acs.nanolett.8b02917
http://www.ncbi.nlm.nih.gov/pubmed/30211557
http://dx.doi.org/10.1002/adhm.201800249
http://www.ncbi.nlm.nih.gov/pubmed/29761648
http://dx.doi.org/10.1128/JVI.77.19.10394-10403.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970424
http://dx.doi.org/10.1016/j.vaccine.2012.04.060
http://dx.doi.org/10.1038/4031
http://dx.doi.org/10.1084/jem.184.2.465
http://dx.doi.org/10.1089/10430349950016762
http://dx.doi.org/10.1038/nature11414
http://dx.doi.org/10.1128/JVI.01786-15
http://dx.doi.org/10.1038/s41467-018-05482-0
http://dx.doi.org/10.1126/scitranslmed.aav5701
http://www.ncbi.nlm.nih.gov/pubmed/31915303


Int. J. Mol. Sci. 2020, 21, 6582 33 of 35

153. Gandhi, R.T.; Kwon, D.S.; Macklin, E.A.; Shopis, J.R.; McLean, A.P.; McBrine, N.; Flynn, T.; Peter, L.;
Sbrolla, A.; Kaufmann, D.E.; et al. Immunization of HIV-1-Infected Persons With Autologous Dendritic
Cells Transfected With mRNA Encoding HIV-1 Gag and Nef: Results of a Randomized, Placebo-Controlled
Clinical Trial. J. Acquir. Immune Defic. Syndr. 2016, 71, 246–253. [CrossRef] [PubMed]

154. Bogers, W.M.; Oostermeijer, H.; Mooij, P.; Koopman, G.; Verschoor, E.J.; Davis, D.; Ulmer, J.B.; Brito, L.A.;
Cu, Y.; Banerjee, K.; et al. Potent immune responses in rhesus macaques induced by nonviral delivery of a
self-amplifying RNA vaccine expressing HIV type 1 envelope with a cationic nanoemulsion. J. Infect. Dis.
2014, 211, 947–955. [CrossRef] [PubMed]

155. Guardo, A.C.; Joe, P.T.; Miralles, L.; Bargalló, M.E.; Mothe, B.; Krasniqi, A.; Heirman, C.; García, F.;
Thielemans, K.; Brander, C.; et al. Preclinical evaluation of an mRNA HIV vaccine combining rationally
selected antigenic sequences and adjuvant signals (HTI-TriMix). AIDS 2017, 31, 321–332. [CrossRef]

156. De Jong, W.; Leal, L.; Buyze, J.; Pannus, P.; Guardo, A.C.; Salgado, M.; Mothe, B.; Molto, J.; Moron-Lopez, S.;
Gálvez, C.; et al. Therapeutic Vaccine in Chronically HIV-1-Infected Patients: A Randomized, Double-Blind,
Placebo-Controlled Phase IIa Trial with HTI-TriMix. Vaccines 2019, 7, 209. [CrossRef]

157. Mulligan, M.J.; Lyke, K.E.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.P.; Neuzil, K.; Raabe, V.; Bailey, R.;
Swanson, K.A.; et al. Phase 1/2 Study to Describe the Safety and Immunogenicity of a COVID-19 RNA
Vaccine Candidate (BNT162b1) in Adults 18 to 55 Years of Age: Interim Report. medRxiv 2020. [CrossRef]

158. Schnee, M.; Vogel, A.B.; Voss, D.; Petsch, B.; Baumhof, P.; Kramps, T.; Stitz, L. An mRNA Vaccine Encoding
Rabies Virus Glycoprotein Induces Protection against Lethal Infection in Mice and Correlates of Protection in
Adult and Newborn Pigs. PLoS Neglected Trop. Dis. 2016, 10, e0004746. [CrossRef]

159. Armbruster, N.; Jasny, E.; Petsch, B. Advances in RNA Vaccines for Preventive Indications: A Case Study of
A Vaccine Against Rabies. Vaccines 2019, 7, 132. [CrossRef]

160. Samsa, M.M.; Dupuy, L.C.; Beard, C.W.; Six, C.M.; Schmaljohn, C.S.; Mason, P.W.; Geall, A.J.; Ulmer, J.B.;
Yu, D. Self-Amplifying RNA Vaccines for Venezuelan Equine Encephalitis Virus Induce Robust Protective
Immunogenicity in Mice. Mol. Ther. 2019, 27, 850–865. [CrossRef]

161. Awasthi, S.; Hook, L.M.; Pardi, N.; Wang, F.; Myles, A.; Cancro, M.P.; Cohen, G.H.; Weissman, D.;
Friedman, H.M. Nucleoside-modified mRNA encoding HSV-2 glycoproteins C, D, and E prevents clinical
and subclinical genital herpes. Sci. Immunol. 2019, 4, eaaw7083. [CrossRef]

162. Shaw, C.; Panther, L.; August, A.; Zaks, T.; Smolenov, I.; Bart, S.; Watson, M. Safety and immunogenicity of a
mRNA-based chikungunya vaccine in a phase 1 dose-ranging trial. Int. J. Infect. Dis. 2019, 79, 17. [CrossRef]

163. Shaw, C.; Lee, H.; Knightly, C.; Kalidindi, S.; Zaks, T.; Smolenov, I.; Panther, L. 2754. Phase 1 Trial of
an mRNA-Based Combination Vaccine Against hMPV and PIV3. Open Forum Infect. Dis. 2019, 6, S970.
[CrossRef]

164. Pepini, T.; Pulichino, A.-M.; Carsillo, T.; Carlson, A.L.; Sari-Sarraf, F.; Ramsauer, K.; Debasitis, J.C.; Maruggi, G.;
Otten, G.R.; Geall, A.J.; et al. Induction of an IFN-Mediated Antiviral Response by a Self-Amplifying RNA
Vaccine: Implications for Vaccine Design. J. Immunol. 2017, 198, 4012–4024. [CrossRef] [PubMed]

165. Zhong, Z.; Catani, J.P.P.; Mc Cafferty, S.; Couck, L.; Broeck, W.V.D.; Gorlé, N.; Vandenbroucke, R.E.;
Devriendt, B.; Ulbert, S.; Cnops, L.; et al. Immunogenicity and Protection Efficacy of a Naked Self-Replicating
mRNA-Based Zika Virus Vaccine. Vaccines 2019, 7, 96. [CrossRef] [PubMed]

166. Chahal, J.S.; Khan, O.F.; Cooper, C.L.; McPartlan, J.S.; Tsosie, J.K.; Tilley, L.D.; Sidik, S.M.; Lourido, S.;
Langer, R.; Bavari, S.; et al. Dendrimer-RNA nanoparticles generate protective immunity against lethal
Ebola, H1N1 influenza, and Toxoplasma gondii challenges with a single dose. Proc. Natl. Acad. Sci. USA
2016, 113, E4133–E4142. [CrossRef] [PubMed]

167. Maruggi, G.; Chiarot, E.; Giovani, C.; Buccato, S.; Bonacci, S.; Frigimelica, E.; Margarit, I.; Geall, A.; Bensi, G.;
Maione, D. Immunogenicity and protective efficacy induced by self-amplifying mRNA vaccines encoding
bacterial antigens. Vaccine 2017, 35, 361–368. [CrossRef]

168. Garcia, A.B.; Siu, E.; Sun, T.; Exler, V.; Brito, L.; Hekele, A.; Otten, G.; Augustijn, K.; Janse, C.J.; Ulmer, J.B.;
et al. Neutralization of the Plasmodium-encoded MIF ortholog confers protective immunity against malaria
infection. Nat. Commun. 2018, 9, 2714. [CrossRef]

169. Maruggi, G.; Zhang, C.; Li, J.; Ulmer, J.B.; Yu, D. mRNA as a Transformative Technology for Vaccine
Development to Control Infectious Diseases. Mol. Ther. 2019, 27, 757–772. [CrossRef]

http://dx.doi.org/10.1097/QAI.0000000000000852
http://www.ncbi.nlm.nih.gov/pubmed/26379068
http://dx.doi.org/10.1093/infdis/jiu522
http://www.ncbi.nlm.nih.gov/pubmed/25234719
http://dx.doi.org/10.1097/QAD.0000000000001276
http://dx.doi.org/10.3390/vaccines7040209
http://dx.doi.org/10.1101/2020.06.30.20142570
http://dx.doi.org/10.1371/journal.pntd.0004746
http://dx.doi.org/10.3390/vaccines7040132
http://dx.doi.org/10.1016/j.ymthe.2018.12.013
http://dx.doi.org/10.1126/sciimmunol.aaw7083
http://dx.doi.org/10.1016/j.ijid.2018.11.058
http://dx.doi.org/10.1093/ofid/ofz360.2431
http://dx.doi.org/10.4049/jimmunol.1601877
http://www.ncbi.nlm.nih.gov/pubmed/28416600
http://dx.doi.org/10.3390/vaccines7030096
http://www.ncbi.nlm.nih.gov/pubmed/31450775
http://dx.doi.org/10.1073/pnas.1600299113
http://www.ncbi.nlm.nih.gov/pubmed/27382155
http://dx.doi.org/10.1016/j.vaccine.2016.11.040
http://dx.doi.org/10.1038/s41467-018-05041-7
http://dx.doi.org/10.1016/j.ymthe.2019.01.020


Int. J. Mol. Sci. 2020, 21, 6582 34 of 35

170. Zhang, L.; Ru, H.-W.; Chen, F.-Z.; Jin, C.-Y.; Sun, R.-F.; Fan, X.-Y.; Guo, M.; Mai, J.-T.; Xu, W.-X.; Lin, Q.-X.; et al.
Variable Virulence and Efficacy of BCG Vaccine Strains in Mice and Correlation With Genome Polymorphisms.
Mol. Ther. 2016, 24, 398–405. [CrossRef]

171. WHO. Global Tuberculosis Report 2019; World Health Organization: Geneva, Switzerland, 2019.
172. Tameris, M.D.; Hatherill, M.; Landry, B.S.; Scriba, T.J.; Snowden, M.A.; Lockhart, S.P.; E Shea, J.; McClain, J.B.;

Hussey, G.D.; A Hanekom, W.; et al. Safety and efficacy of MVA85A, a new tuberculosis vaccine, in
infants previously vaccinated with BCG: A randomised, placebo-controlled phase 2b trial. Lancet 2013, 381,
1021–1028. [CrossRef]

173. Kose, N.; Fox, J.M.; Sapparapu, G.; Bombardi, R.; Tennekoon, R.N.; De Silva, A.M.; Elbashir, S.M.;
Theisen, M.A.; Humphris, E.L.; Ciaramella, G.; et al. A lipid-encapsulated mRNA encoding a potently
neutralizing human monoclonal antibody protects against chikungunya infection. Sci. Immunol. 2019, 4,
eaaw6647. [CrossRef] [PubMed]

174. Kreiter, S.; Vormehr, M.; Van De Roemer, N.; Diken, M.; Löwer, M.; Diekmann, J.; Boegel, S.; Schrörs, B.;
Vascotto, F.; Castle, J.C.; et al. Mutant MHC class II epitopes drive therapeutic immune responses to cancer.
Nature 2015, 520, 692–696. [CrossRef] [PubMed]

175. Türeci, Ö.; Vormehr, M.; Diken, M.; Kreiter, S.; Huber, C.; Şahin, U. Targeting the Heterogeneity of Cancer
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